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SECTION 2 

DESCMPnON OF PROGRAM 


The general study has two 

5p through 10,000 hours. The second continues these tests to 50. 

Figure 2-1 is a 

jwoperties are typic^ mec^^ ^T??^rJijuiin:-i in th^ tor^ted loading and ther- 

are generated in sufficient ^?^^-g~,rted. Fatigue life is measured before 

„„d or environmental agi^ could be measjx^w^P^^ 

and after various load a^ ‘*“*^^^i^JSi^ntary compoS^of this type. The ^ 
early in the prog^m orto to ^y ev^te HamJ^ tempwatures. A limited study of 
characteristics of tte mate^ matrix materials. However, with this excep- 
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These latter tests are intended to simulate conditions experienced in a lower wing surface dui^ 
ing supersonic flight and, hence, consist almost entirely of tensile loads. For the same reason 
the majority of the residnal property specimens are tested in tension. As will be discussed 
later, the faSure modes and degradation mechanisms for the various exposure tests were found 
. to be primarily matrix dominated, and. consequent^, a greater percentage of compressive, 
shear, and transvmae tensile tests would have been prefra^d. 

In <»der to provide a device capable of simulating supersonic flight conditions of load and 
temperature, a machine was built that would be capable of not only random loading and 
tenqierature variaticm but could test a large number of specimens at the same time. It is 
desirable that the apparatus ■ commodate a large nundier of test specimens because 

of the expected data scatter associated with advanced conq>osites. The machine must also be 
capable of operating for long periods of time with little maintenance and monitoring and be 
designed in such a manner as to possess adequate safeguards against either overloading or 
overheating the specimens. 

Several assunq>tions are made to define the loading spectrum. The mission profile and loads 
were obtained from refetmice 1. These data were also u^ for the study described in reference 
2. The life of a supersmJc airplane is assumed to consist of 25,000 flights of two hours duration 
each. For this worit, eadi flight is assumed to be an “operational flight” as defined in reference 
1. Each flight consists of a 10-minute climb, a 90-minute cruise, a 20-minute descent, and a 
sin{^ landing load. The number of loads per flif^t and the numbo* of loads in each of the 
segments are modeled after the.reference 1 load sequence. Howevra-. the loads are randomized 
such that all the loads eq>ected to occur in 25,000 flights are included. Since the 90-minute 
cruise is scheduled to indnde only about 8 loads pot flight, the mean load is held for 44 minutes 
before and after the imposition of a 2-minute cruise loading period. The climb and descent 
loads are distributed over the entire climb and descent time. 

The job of setting load levels for each of the composites materials for the random load spec- 
trum so that some but not all specimens will fail during the 50.000-hour program is indeed a 
difficult task. This had to be done by running accelerated testy in which many loads could be 
applied at elevated temperature in a fairly short time. We chose to apply a Vt lifetime of loads 
in 200 hours, which wcaiied out to be about one load a second. The real-time flight spectrum is 
more like 20 loads per hour. The accelerated tests are run for both 100 and 200 hours at load 
levels such that we would have 80% survival if the tests were run to 400 hours. 

The residual strength is measured for each specimen after it has been subjected to H and Vt 
lifetime of loads at elevated tenq>erature. These strengths are then used to calculate, using the 
Halpin wearout model (ret 3), the load levels for real-time testing, again using 80% survival at 
the end of 50,000 hours. 

The calculated mean and peak load levels set by the 80% survival for the 50,000 hours or one 
lifetime are used to set the real-time load levels for the flight siniulator. These differ for each 
composite system and also differ for the notched and unnotched specimens of the same com- 
posite. Thus each composite system will be subjected to 50,000 hours of real-time flight simula- 
tion testing using random loading and temperature described by the climb, cruise, and descent 
portions of the flight. 


Following completion 

SS^;°rr otmiel pmaictions Imsea on eccelemtea 
flight simnlation exposures. 
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SECTION 3 
MATSRIAI SElECnON ANO ACQUISITION 
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TttbU 3-1- fiimory f roc#t sl«9 IMhodi 


Diffusion Bonding 
Braxo Bonding 
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structural shapes 
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shapes 


Eutectic Bonding 

Ptosma Spraying 

Moltsa-meial Infiltration 
(Casting) 


Sheet, plate, structural shapes 
Monolayer tope 

Mono- or multilayer tope, sheet, plate, 
structural shapes 


It has been found that no 

cations. However, data falStotion studies, raw ma^ PJ^ 

mechanical property tests. priiwyj^^«^^ composite materials indica^ that 
cessing costs, and extensive (5.6-iS boron with 6061 ahiminum 

difhUionWed B/Al in applications in various aircraft 

matrix, offered the roost pron^ resistant to various envi- 

ronroental exposures, with exp«nit«onn^ 

. with little or no effect 01 sparo e»pw»« -.i :« was its very 



ties. /\noM*a ON/m2 (20 million psi» loi wfu- 

progrvn. . . 

Singie^iep hot pressing was the tech^ue and because of 

SSL^theabiUty topnrfucelb^epa^^ wouiI?over a mandrd ^ 

lo^eer processing costs. In tto ^ to the dedred thidmess and the 
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material consolidated in a tot over the isoetatk pressing technique 

material in pressing operatioos. (tup* materiaO. At the beginning of the 
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ot «do«k». th. in*Mtty h«l r-nJly “ J” ISJtlS 

SP-272> 3M also provided the same resin on uncoated boron (SP-292)^maintain^ the 

S^fc pn»^. Other 3M systems such as SP-290 had some better P~P*^ 

ties ^an the SP-292 but were not as thoroughly characterwed. Genwal Dyna^s had 

d«ig.-.U»w.bl. d.U «. th. A«o 8605 unto (^tr«ta 
F^15-68C-1474 and AF33(6151-5257 (ref. 12 and 13). Convaur prefmed tte Avco 5M5 
^i^bmuse of its somewhat higher temperate resistance and its wide appUcaUon at that 

time. 

nose of ihi* prosram was to evaluate long-term effects, sdection of a fully characte ^ 
^^m was desirabS In addition, the long-term effects were thought to be primarily matrix 
dependent and independent of filament diameter. 

« 1 1 « - Convair had worked on hiri^strength. high-moduhis graphite fibers as 

Uftolto of gt.phitt^«u E«b- fibm bwd <m vl«)« riyoil TOh .. TtotoMJton^ 

uni) HITCO HMG-30 had been surpassed and were no longer seriously considered for stw 

"5lSo». No.or’flC^ta^ h«.d 

become the seriiis contenders for pre^t and future aircraft applications. These fibers could 
be generally divided into four categories; 

a. Low moduhis/ultra-high strength, 

b. Medium moduhis/high strength, 

c. High modulus/medium strength. 

d. Ultra-high moduhis/medium strength. 

The first category of low nmdulus. 207 to 221 GN/in* (30 to 32 miUion psi). i^pled ^ 

hiffh strensth. greater than 2760 MN/m2 (400 ksi). was fin^ usage J» curron. aircraft 
mlicatioiis be^se of its hi^ strength and very low coat Fibers that fdl m 

Hercules Tvpe A-S and Stackpole Panex 30(A. Others having the same roodi^ but 

Ti^m F«ttH 3*.T. »d m. Typ. hrf 

t^d the moat usage at that time. General Dynamics has used this type of fiber extensively in 
the F-1 1 1 pivot fitting fairing program and the F-5 fuselage program. 

The second category of fibers, those having me^um modulus. 262 to 276 GN/m* (M to 40 
wdhS strength, greater than 2410 MN/tn2 (350 ksi). included suchp^ucts as 
HT S M^or Tyro II. and Fortafil 4-T and had been used extensively m tl» precedmg y^. 
They wereillheiSry costUer than the 207 GN/m2 po million psi) fibers and were expected to 
have lower utilization in the future than they had in the past. 
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(low^ shear strength in composited- _ 

ThornelTS materials. They had the same general problems as the thud category descnbed 
above;. 

Based on the above review of available graphite fibers. Convair selected the epoxy resiii- 
inqnregnated Type A-S fiber. 

151 Howv^ the 3002 was adv«rsely affected by moisture, was costly. 
to Uciw into prepreg; the avaflabiKty of this resin for future programs was in doubt at this 

time period. 

T« 1072 snd 1973 a number of new h 4 ^i-temperatureq?cxy resins had been in^uce4«i^M 

Of thes^the E-350. X-934. 5208. and 3501 were seeing the moot use in evaluations and m pro- 
duction of aircraft parts. 

Co»v«ir c»d»ct»i K. «»ntag of to-hoo» doU. wnd» 

K^tnra relatinff to the newer high-temperature epoxy resins. The lead^ Canutes were 
Ferro E-350 aS^Hercules 3501 with the E-350 appearing to bo sligh^ bettor. Itowew. at 
fi^Tttoe PeSm had rw»ntly moved its plant, lost some key personmd. and was 

iTTiI business. In addition to the favorable rating in the screening 

leavmgtto was cunenUy being used in largo commercial applications. 

®'"^e*^2d«!eSivdy S^Sriki aiSns. and was believed to be the system 
SS't b^the^dard G/E composite for aircraft application « these considera- 

excellent coot picture, the A-S/3501 system was selected for the program. 

• 1 • « - - Earlv studies of B/PI composites were conduried with the P13N. 

piw w- “ «» a*. IiiitWly. rttwtto « 

S. hmtoiw. AS mA til. pnpsis ««• ttck-fi». bigWjr toidi^ 

.nafii aa»htahle f^ ^ but unaawptable for Itfge parts, 

led to in Uie P13N and PlOP resin systmns to ptodura PlO^^hiA 

iSTti^t sSl^ would yi^km-void p^e 

iSit under contracts NAS 8-26198 “De^ment of Iton 

^Su^e NAS 8-28201. *Tolyimide 

^ i^C^tiMtiiiff^^velom^t and use of B/PI advanced composites. Some of the candi- 

Slid Bm71 Two of th»e. P106A snd 703. were selected tot sdditnnsl ptocessmg studies. 
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and some preliminary test data were developed f<w each system using both the 5.6* and 4.0*mil 
diameter boron fiber. Test results showed that 1) the data for the B/P105A composite system 
was significantly better than the B/703 composite system, and 2) the 4.(Kmfl boron fiber was 
superim’ to the 5.6-mil boron fiber in that resin contents and laminate shear properties were 
higher (ref. 21). For these reasons the 4.0-mil boron fiber and the P105A polyimkle resin 
system arere selected for the program. At about the time that the B/PI coo^iosite was being 
selected, Ciba-Geigy, the manufacturer of the resin, replaced the P105A arith a nearer version 
designated PlOSAC. It was this pdyimide that was evaluated on the test program. 

S.1X4 Graphite/Felylmide. Unlike the B/PI oonqMeite systons, a fuQy developed and 
diaracterized G/PI system was available at the time that the program was initiated. The G/PI 
system (HT-S/710) aras devek^ed by Cmivair under Contract NAS 8-26196. Snbstantial quan- 
tities of mechanical pn^Mrty, then^ aging (short time), moisture resistance^ and creep data 
were available on this system (ref. 22). At the same time, under Contract NAS 8-28201, Cmi- 
vair aras determining baseline design prcqmtks for A-S/710 G/PI co m posite systems. These 
data were used to design, fabricate, and analyze a large conqiression pand for short-t«in aiqili- 
cations at 589 K (600** Based on the re^ts of these two contracts, Convair selected the 
HT-S/710 system. 

The HT-S graphite fiber aras selected because of its hi|d* strength and lower wei^t loss at 589 
K (600 ** F) thim the Type A-S graphite fiber. Data de^^ped ai^ reported by Morgan Hanson 
of the NASA Lewis Research Center at the Natkmal SAMPE Cmifennce in Huntsville, 
Alabama in 1971 indicated that the Type A-S fiber oaidized sever^ at 589 K (600* F). After 
1000 hours, the uncoated A-S fiber had arnght losses ap(H‘oaching 100 % (ash). What haigiens 
in a conqiosite aras unknown. Hoarever, for this program Convair bdieved the extra S5 to $10 
per pound for the HT-S fiber was justified since it hid hi^ier oxidative stability than the Type 
A-S fiber. The A-S fiber a^ieared to be fully acroptable for use at 450 K (350* F) arith epoxy 
resin systems but not for use at 589 K (600* F) arith polyimkle systems. 

The 710 resin system was sdected because it aras believed to be fully characterized, compatible 
arith graphite fibers, commercially available as pr^ueg from three materid suppliers, and 
showed ^her temperature stability than any of the other then available poijrimide resins. 

3.2 MATBOAl ACQUISITION 

The foOoaring sections describe the procedures involved in purchasing the five advanced com- 
posite ssrstems selected for evaluatkm on this program. For two of the materials. B/E and B/AL 
Uttle or no difficulties were encountered in {Hocurement or during quality assurance testing. 
For three of the however, considme*'le problems occurred either in acquiring the 

prcpregs or during accqitance testing. 

3,2.1 METAL-MAUnx COMPOSITl MATERIAl. The 5.6-mil boron/6061 ahuninum composite, 
rderred to as B/Al, was obtained from AVCO Corporation, Systems Division, Lowell, Massa- 
chusetts. The material, ordmed to General Dynamics Specification 04)0854. was received in 
the form of finished sheets, 0.3 m by 0.6 m (12 in. by 24 in.) in dimensions. The requirements for 
the program were: 

6 ply. [0* ± 45*1, layup — 11 sheets 
12 ply. [0® ± 45*1,2 layup - 1 sheet 




3-S 




6 ply, [0*l6 layup — 14 sheets 


12 ply. I 0 *h 2 l*y«P ” 1 

DeUvery of the B/ Al was on schedule, and, with the exc^^n of one 6-iJy "***‘*j*f^“^^ 
all were of acceptable quality. The one panel showed mdijaUons of poor bonding during 
St^ C ^ testing and^was returned to AVCO for replacenHint 


RESIN MATRIX COMPOSITE MATWIAl 

a * S.I RefMiyEBoxv. The Rigidite 5506/4 boron/epoxy composite, referr^ to as was al» 
^^led froi^AVO) Corporation. Systems 

was ordered to moot the requires jnts of General Dynamics Specification m&2(» 

^2.7 ks (281b) in the fSi of 0.08 m (3 in.) wide piepreg tape wm reqiM for t^ progr^ 

o« I«»d dl the ,adrty ««r«« 

requirements for both the prepreg and fabricated laminates. 

« 9 « 4 ^ »-»>- The A-S('3501-5 graphite/epoxy, referred to as G/E, was dbt^ned from 

nl^cules liSirpoiStS Bacchus Works. Magna, Utah. Seventeen kg (^»b) of 0.08 m (3 i^ 
prepreg tape was purchased to the following Hercules SpedficaUons: fiber 
SSJoOl^reprwproperties per HD^-2-6006A except flow to be run at 436 K (325 F). 

S 15^JS^mp<^^FiS^ P« HD-SG^2A. This batch of material roedv^ 
^schedule a3 che<£d outpSte^ in the prepreg quality assurance^ts. The flexurd ^ 
shear orooer^ drtennined from the quality assurance pan^ were ^ satis^ 
S^n^S^mthSouiSty assurance results. 12 full size panels were fabrics^ for the test 
MMraxxL The baseline tensile data, however, were, widely scatter^ significantly U)wct 

Uum normal The transverse tensile strengths ww particula^ ^d. wiA an av«r ^ >^ e 
S?mK( 3.3 ksi) at room temperature. To check that all the pan^ were 
^^^r intent determinations and three tensile tests were madeon eaA of ti« 6-^ 

unidirectional and crossply panels. The 

jjmjirmihr low vahies are clearly evident. Expected values of are about * 

MN;m3 ID k.D for the loositutliaal and tranavaiae directions of the unidiroctionel 

for the ^ The reeh. end f^ cont«.ts 

I ?!!?? in Tahle 3-3 are all acceptable, although Panel Na 10 hiu a somewhat low fiber content 
A check with the vendor (Hercules) revealed that the materid was among the 
hken KmA fmm s new nreoremring process. Although the resin content aws acceptable (deter- 
mined during quality assurance testing), the r^ disti^^ 

a lack of penetration Into the graphite tows. Sumter results 
fmm material obtained during the same time period. Hercules corrected the fwoductionpob- 
lem and replaced the materid at no charge, but a considerabte time delay was incurred because 

of the rejected material 

Visud examination of the replacement batch of G/E pi^^ none of the 

areas that were typied of the previously rejected batch. The materid smxessfulbr 

the rnSSte assu^Sce requirements for both the prepreg and fabricated A* “ 

on STaccepteb^^ of the panels, tensile coupons were prepared from unused p^ 
the uddiJSond Sality as^nce panel and the first fuO size crossply pand The 
^ rfLiKdlSs MN?m2 (240 luil uid 5-9 MN/m2 (84 krt. we- typied of *<»! G® 
ZjS.lTJLver» teneile t-t. on the unktoctio^ «. nv^ otanet. 

Strength of 59 MN/m2 (g.6 ksi). This value is agam typical of good GIE matenaL 
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TaM* 3-3. Quality Assuranca Data for 0/1 Panols fTom Koioctad latcii of A-S/3M1-S Prapro 9 


PomI 

Noo 

Orimtotiofi 

Pitas 

K«^fi 

Content 

(ort%) 

Ptb«r 
Cowfut 
(vo*. %) 

Toasiia Slrooflh 
MN/oi> (ksQ 

10 

10\ 

6 

36.2 

55.5 

1310 

190 






752 

109 






696 

101 

11 

[0% 

6 

32.6 

59.4 

1080 

157 






1350 

196 

. .. . 

■ ■ ■ 




1380 

200 

13 

lO-ls 

6 

32.2 

59.8 

1903 

276 


- 




1510 

219 






1030 

150 

16 

I0*ll2 

12 

27.8 

64.6 

M640 

•238 






■1730 

■251 






■1780 

■258 

17 

[0»± 45*1,2 

12 

284 

63.8 

■786 

■114 






■793 

■115 






*848 

■123 

22 

10* ± 45*1, 

6 . 

32.3 

59.7 

331 

48 






379 

55 






352 

51 

23 

[0* ± 45*1, 

6 

31.7 

60.4 

337 

49 






317 

46 






483 

70 

24 

[0* ± 45*1, 

6 

30.9 

61.2 

414 

60 






434 

63 






538 

78 

25 

(0* ± 45*1, 

6 

29.2 

63.2 

414 

60 






414 

60 






455 

66 

26 

10* ± 45*1, 

6 

30.6 

61.6 

345 

50 






538 

78 






379 

55 


‘Flexural strength. 



Boron/Polyimid*. The 4.0-mil B/P105AC boron/poljriinide. referred to as B/PI, was 
obtained from AVCO Corporation, Systems Divisirm. Low^ Massachusetts. As no General 
P3mamics procurement specification existed, the material was ordered to the foDowing 
requiranents: 

a. Fiber Strength: 500,000 psi minimum 

b. Resin Content: 38 to 48% 

c. Vobtiles: 10 to 20% 

d. Flow 450 K (3500 F) 30 to 42% 

~ A total of 28 kg (62 lb) of prepregin 0.3 m by 1.8 m (12 in. by 72 in.) sheets eras required for the 
program. Deliv«y of the prepreg was delayed approximau^ three months because of difficul- 
ties encountered by AVCO in obtaining the polyimide rmin from the nmnulacturer. Ciba- 
Getgy. Upon receipt of the prepreg, quality assurance testing was performed. The material was 
found to be acceptable and two quality assurance panels were fidwicated. Qnafitjr assurance 
testing of the laminates was completed with the material being found ace^table. While the 
B/PI material passed the prepreg and lamiiuite quality assurance requirements it was later 
removed from the test program because of low tensile properties and ca t c nsh r e thermal 
degradation observed during thormal aging and short-term fli^ simulatioa testing. Conq>lete 
details of the problems encountered with this material system and the reasons for the poor 
results are found in Appendix A. 

9J2J2M GmphHa/Polyindda. The HT-S/710 graphite/polyiiride cooqioeite. l efcn e d to as G/PI. 
was the most difficult material to procure. More than a year passed frmn the tow of placing 
the initial order until completion of quality assurance testing and a cceptan ce of the test 
material One of the reasons for selecting HT-S/710 was the bdi^ that the pccpreg was readity 
available from at least three material suppliers. As it turned out one source was not interested 
in the small volume reqpiired for the program while the other two sources experienced omsider- 
able problems in fribricating acceptable prepr^. Because no General Itynamics procurement 
specification existed the material was onlo^ to the following requirements : 

a. Fiber Strength: 350,000 psi minimum 

b. Resin Content: 35-45% 

c. Vobtiles: 10-20%» 

d. Flow: 15-25% 

e. Add Equivalent Na: 520 to 540 

The following is a chronological account of how the material was obtained. 

Jul 1973 An order for 17 kg (37 lb) of pr^reg tape was placed with E.I. DuPont De 
Nemours and Company, Fabrics and Finishes Department. Saugus. California. 

Aug 1973 The prepreg was delivered on schedule but was rejected because of low fibo- 
votum and low acid equivalent number. 


Sep 1973 


Oct 1973 


Dec 1973 
Jan 1974 

Feb 1974 


A *cond b.«h .as 

nooiiements; however. • P™' , , ,ouice of the piepeeg 

with new resin would be prepared. 

The third hatch of 

Sf lh». WhOe ^ P'“ .Shirthe. difBcultie. were aatrapated. 

experience with the G/P P December 1973. 

D^very. however, was not expecteaunwi 

^ ^ ^ iinwth^ add equivalent number of the polyiinide resin 

SrSraSS^.“vah,e prior 

DeUvery was further delaytrf "^'£tdi of fihera waa obtained and 

'“’Lifica 

hret hatch of prepreg 

Sa?A aecond batch was prtrareO^thjren^ ^ 

matoial was found to be 1^.37 lb) Because of the hi^ coste bh^ 

order. 


Mar 1974 
Apr 1974 
May 1974 


Jun 1974 


JuU 

Anir 1974 


“a, ordered from Momwnta DuPont. The first 

State and blister. Beca^ of encountered in obuming the G/Pl 

DS»ont As a result rf batch produced by 

material it was deoded that the H h8 ' ^orv test oanels could be fabricated. 

^SThLi forth. test U kg(2;^ « 

!T.riltbmittedbyH., .ulawa.. ylg^^‘^^^ 

lent laminate. To check ^ UmiMte was obtained. Based on these results 






SECTION 4 

PREPREG QUALITY ASSURANCE TESTING 


The organic 

receipt of the prepreg; 


a. Fib« content (percentage by wei^t). 

b. Resin soUds (percentage by weight). 

c. Volatiles (percentage by weight). 

d. Resin flow (percentage by weight). 


c. Process gel 

A descriptfon of th. t«t meth<)d» -hfch were u«d fa giv« In Append 


4.1 BORON EPOXY 

B/E «» pnrcheeed from AVCO Corporetio. U. Gmfard Dynmniee SpedBcetio. FMS-2001B. 
The FMS-20O1B epecfflcation 

?^l’'S5th^^W«Scon-»rre,ul«..tfaM^ 

menta and the material was considered to l» acceptable. 


Table 4-1. ProproB RoBulramoot* 

and Pfop^lle. for RlgldH. $505 t/i Brtch H-mber M 

Propofty 

Kay»lie«wf* of 
fapedBcoMoa 
FM5-2001B. % 

AVCO CerliRed 
Teet Report 
Data. % 

CofTvoir Quollty 
AsstKotica Tott 
RmuHs, % 

Fiber Content (wt %) 

— 

— 

68.1 

{tosin Solids Content (wt %) 

29-34 

31.7 

31.0 

Volatile Content (wt “Jb) 

2% max. 

1.08 

0.9 

Resin Flow (wt %) 

10-20 

13.5 

15.7 
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4^ GRAPHITE SPOXY 

The G/E prepreg was purchased from Hercules Incorpcmted to Hercules Sped^tion HD- 
SG-26006A. The HD-SG-2-6006A specification requirements, the values from the Hercules 
Quahty Assurance tests received with the shipment, and the results of the Comw Quahty 
Assurance tests are given in Table 4-2. Both the Hercules and Convair results satisfied the pro- 
curement specification requirements and the material was considered to be acceptable. 


Table 4-2. Proprog Raqulromaiitt and Pro por llaa lor A-S/3501-S O/E — Ran Numbor 051, Spool 4C 


Property 

Requirements ef 
Spedfkatiee ~ 
HD-$G-2-400Mo % 

Hercules Quehty 
Asserooce Test 
Resutfs,% 

Cenvdr QuelHy 
Assvronce Test 
Results, % 

Fiber Content (wt %) 

— 

58.3 

57.2 

Resin Solids Content (wt %) 

39>45 

40.5 

41.6 

Volatile Content (wt %) 

2% max. 

1.2 

1.2 

Resin Flow (wt %) 

15*35 

IS 

21.7 

4.3 lORON POLYIMIDE 




The B/PI prepreg was purchased from AVCO Corporation with a list of Convair requirements. 
No procurement spedficatitm or industry specification was available. Table 4-3 lists theM Con- 
vair requirements. the values from the AVCO Certificate of Conformance ^ved wth the 
shipment, and the results of the Convair quality assurance tests. All of the AVCO am^Convair 
results except for the slightly high Convair value for volatile content satisfied the Purchase 
Order requirements. The smafl differenw, 0.7% hi^ wm not consulted to be sufficient cause 
for rqection of the shipment. 

ToUo 4-3. Proprop Roqvlro««ite ood Proportlo. for l/PiaSAC i/PI - Rotlo iotcb Numbor 5-73. 
Shoot Numbor* AX.P105A-31 to AX.PI0SA.13S 

Property 

Requlremento of Coweeir 
Purchase Order, % 

AVCO CetUncaio of 
Cooformonco Dolo. % 

Convelr QuolHy 
Assuranoe Test 
Results, % 

Fiber Content (wt %) 

— 

— 

35.7 

Resin Solids Content (wt %) 

3S-48 

38-46 

43.6 

Volatile Content (wt %) 

10*20 

14-20 

20.7 

Resin Flow (wt %) 

30*42 


38.3 
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consider^ to be accepuble. «_jNu™b«i 
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Fropprty 

K^qglrenteett of 
Convoir Pwrdicie 
Order, % 

Convoir Quollty 
Asturonco Toot 
RotuHo, % 



44.4 

Fiber Content (wt %) 

35^ 

40i) 

Resin SoBds Content (wt %) 

15.6 

10-20 


Volatile Content (wt %) 

15-23 

17.2 

Resin Flow (wt %) 

— — ” 
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SECTION 5 

LAA/UNATE PROCESSING AND SPECIMEN FABRICATION 

5.1 laminate PROCESSING 
AH oJ th. compodt. IdHdcaoM 

The G® tube, the B/PI^ both ^ 

hiitever. were prowssed Mill* smiple rapid conng schedules, 
vacuum bag and autodave cure cycle shown beloir. 

1 withfuUvacu«mi.theb.*.he.t«1.7toMK(3to6-F)permmuteto450K1350-F), 

2. Apply 0.59 MN/rf (85 psil. Motto* vacuum bs* to atmosphera wheu autoctove pressura 
reachos 0.34 MN/ni2 (50 psi). 

3. Hold two hours at 450 K (S60“ F) and 0.34 MN/m^ (50 psi). 

4. Cool under pressure to 353 K (175* F). 

1 Kir this nrocess good densification with measined specific 

Laminates produced by “ds p oc tn 32 weight oercent. The layup proce- 

glass bleeder. 

,.,.2 Af^>-8;2^3srir^to,^ 

system us^ to the ^ ^ 

tubes. Both the 6 and 12 ply _ . . two 120 ^s bleeders ^dnle the thiAer 

cedures with one «c^taon: the ' cure cycle used a omstant heat- 

panels used four plies of the s^eg^assf ™„,225®F) with full vacuum starting at room 

mratoofUt.l.7K(2to3-np«.^t.»3MK^ 


;;ieh us»J (our pito. of th. s^ *hraa f^nc .« n«^ . 

^rat. of 1.1 to 1.7 K (2 to 3 • II p« ^to to ^ K 

tempOT^ Ate appb^.68 AtaWd^boJte 450 K (350* F| «as follow^ by 

S^^to”^^ Itotoila o, th. toyup matadal stactou* 

sequence are shown in Figure 5*2. 
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MOOtFlEO NYLON FILM 

VACUUM BAG {VAC-PAK) — 

STYLE 1534 GLASS CLOTH 

I STYLE 181 G WSS CLOTH 

SEPARATOR (TEFLON FILM} ^ — 


TEFLON COATED 
GLASS (ARMALONI 


STYLE 120 GUSS CLOTH* 



B/EUYUP 


SEPARATOR (TEFLON F.^M) 


•1 PLY FOR 6 PLY B/E WYUP; 2 PLIES FOR 12 PLY B/E LAYUP 

FIgur* S-1 Schematic of B/E Cur* Layup 


6S3317-3 


MODIFIED NYLON FILM 
VACUUM BAG (VAC-PAK) 


SEPARATOR (TEFLON FILM} 


TEFLON COATED 
GLASS (ARMA LON} 


STYLE 1 534 GLASS CLOTH 
STYLE 181 GUSS CLOTH 

STYLE 120 GUSS CLOTH* 


SEPARATOR (TEFLON FILM} 


II 1 1 1 I • 

ifVfV«.»f»»*aaaaaaaaaaaaaa'V,»,«a > a a a | a ^ 


G/E UYUP 


Tr^TTTT-rr 

CAUL PLATE 

V vv w V 


SEPARATOR REFLON FILM} 


*2 PLIES FOR 6 PLY G/E UYUP; 4 PUES FOR 12 PLY G/E UYUP 

Figura 5-2 Schmnatic of G/E Cura Layup 


653213*4 


Fabrication of the G/E tubw was accomplished with an aluminum mandrel covered with a sUi- 
«)M rubl^ bladdtt. Twophes of G/E^reg, 0.31 m (12.25 in.) by 0.30 m (12 in.) were cut and 
^d up with a 0.013 m (0.5 in.) offset. These plies were precompacteu (Figure 5-3) in an oven at 
338 K (150« F) to 344 K (160* K) for 20 minutes with full vacuL in th?bS and 0 10 mS 
(15 p^ erte^ pressure before wrapping on the mandrel A spiral wrap of paper bleeder 0 038 
m (1.5 1 ^) wide was then apph^ ovw the separator covering the prepreg. Vent material addi- 
tion and bagging were followed by the following short cure cycle. 





modified nylon film 

VACUUM BAG (VAC-PAK) 
SEPARATOR (TEFLON FILM) 


■■ STYLE <534 GLASS CLOTH 


teflon coated 

GLASS (ARMALON) 



~ — style I JB GLASS CLOTH 

G/E LAYUP 

SEPARATOR (TEFLON FILM) 

I 

— 

Fl9«r. 54 5«h«««H< •» O/t Tub. Pr«c««p.ctl«i U»«p 

‘ F) at 1.7 to 2.8 K (3 to 5«F) per minute. . « MN/mTll5 oeD 

A 1 Ml *138 K (150* F) with vacuum in the bag and 0.10 MN P*v 

5. Hold one hour and cool to 338 R (ISO riw«, 

pressure in the autoclave. 

^ Ban \ 


j«re two hour^ ms^ o* o K ( 4 ” After a two-hour hd 

« 561 K (550* F). at 2.2 K W .utodave pressure. 1 

£^®st^S l^Sng<grcte of four hours at 589 K 

Torsional tubes were 

^ precompacted for 15-20 in.) wide was spindly wrapp^ 

c*jsi 2;:;r itti-a om« 4 -b-ic. tv .o».-«* 

cie and post cure cycles were used. 
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modified NYLON HIM 

VACUUM BAD (VADFAM 


STYLE 1534 GLASS CLOTH 


POLYWHOEFILMIICAfTONI. 

SFLIT AT J IN. INTENVALS 




Flfwr* S-4 S d wm aH c •! t/« C«h« L«Y*'N 


modified NYLON FlUl _ 

vacuum BAG (VAC^AK) — 1 STYLE 1534 GLASS CLOTH 


SEFAHATON ITEFIDN FILM) 



STYLE 120 CLASS CLOTH 


teflon COATED 
GLASS (ANMAION) 



SEPARATOB UEFLON FILM) 


C AULFLAJf 


«S331f-7 


Fl9ur« 5-5 $<1i«i««c of B/P1 T«*« fr««Miil*oe»UKi L-yup 
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2 Hold.™ hours apply 0.69 MNymMlOOpa. 

3 H«l..9.2KI4-Flp«mtoototo661K(5«)-F.«.dholdt™ho«ro 

4. Cool u. 3» K (175- F) or belo« .. 1.1 K (S* Ft p« mta«« uruior ».ttcl.v. pr^mno. 
b. Postcure 

1. H«t P. 589 K I600" F) .1 2.2 K 14 • F) por oduu« ond hold tour hoora 

2 Coolhdo«366K|200-F|.tl.7K(3*F)p.rmiou«r.«i.r>u^ 

S...r.,dlU.hBlh..f.t*ich«dh>.hion-oo.ru..dligh«.igh^ 

of the paper. 

..M o«™n./Po.Y.,5««. 

“B" staging and volatile removal tefore cure separator applied to both sides, 

preg layup using six plies of 120 r I175» R at2? K (5* FI per minute. An 

Tte law vacuum bagged and heated to 3M Minutes Wore cooling 

spplying the following cycle. 

u U kos-p P« ^53 K il75* F) at 1.7 K (3" F) to 2.8 K (5‘ F) per 

1. With fun vacuum m the bag. heat to 353 K U » 

minute. 

2 Hold 30 minutes at 353 K (175 • F). heat to 400 K (260« F). 

• * P inn K(260» FI apply 0.69 MN/m2 (100 psi) autoclave pressure. 

3. Hold 25 minutes at 400 iv UoO r u «pp j 

4. Heat to 450 K (350* F) and hold two hours. 

5 Cuol at 1.1 K 12" FI p« mirruta «r»i«r ‘"“^a” *» ^ 

A alo. 1.1 K 12- F) par rrdnuK. poseur, hr air U. 644 K 17«1- F) c«.8d««l U» P^ 

cycle. 

S.2 iOlK)M/AlU(WNUII»TUBiE FABWCATION 

Tha urddiractioual B/AI tubas «« »Pg^ 

(baasKrar ahaart ustag a ST^oSToSi in diamatar. and 0.901 m IM04 iitl 

The tubular ® J2e 5 6 mils in diameter and oriented m the long-ajus 

A sketch <rf the tube is shown m Figure 5-7. 

The B/Al tube »^th stW 

S evai^atkm tube was installed through the outer 



MODIFIED NYLON FILM 
VACUUM BAG (VAC-PAK) 


STYLE 181 GLASS CLOTH 


FIBERGLAS MAT 


SEPARATOR (TEFLON FILM) 


STYLE 15MGLASS CLOTH 
STYLE 131 GLASS CLOTH 

> STYLE 120 GIASS CLOTH 


TEFLON COATED 
GLASS (ARMALON) 



SEPARATOR (TEFLON FILM) 


Figut* S4 SdimnaHc of C/PI Curo Layup 

mandrel The assembly was then bdium leak tested, evacuated, heated to outgas any contami- 
nants. and sealed (at the evacuation tube) while stOl under vacuum. 

Hi^ temperature, high pressure autoclave bonding followed. The ductile. thin-waDed inner 
mandrel yields during the cycle, transferring the applied {wessure to the composite and its 
near-molten olmnimim matrix. Hie result is complete bonding of the BlAl layers together and 
the of the inner and outer steel tubes to the composite. 

The bonded assembly was masked prior to etching by dipping each end in a molten plastic 
to a depth of 0.038 m (1.5 in.), thus leaving the center portion free. The assanUy was 
then submerged in a nitric add bath that sdectivdy dissdved both the inner and out steel 
j BfVH Q. leaving a B/Al tube with steel reinforced ends. 

S.3 SPECIMEN FAMHCATION 

5.3.1 PANEL LAYOUTS AND SPECIMEN IDENTIFICATION. Cutting plans were prepared for each 
/.ftwipftairpi laminate showing the location and identification number of each specimen. These 
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OETAI L: (T) aOOl m (a040 ia) THICKNESS IS PLY) B/M TUBE 

g a0024 m (a094 inj THI CKNESS STEEL REINFOR CEMENT 
aOOOTI m laOiBin.) THICKNESS STEEL REINFORCEMBIT 


Figura S>7 -UnMirwcNoiMl B/AI Tub* 


>S3ai%« 


plan* accompanied each laminate through the catting and machining (qierations and then were 
retained to keep a permanent recmd as to which panel and the specific location from which 
each specimen was obtained. A typkalcuttingplan tor a B/Allam^te is shown in Figures^ 
and for a G/E laminate in Figure 5-9. The B/Al panels had good edges and could be used with- 
out tr imming - For the resin matrix composites, a 0.0 13 m (0.5 in.) str^ was cut from the perim- 
eter each panel because of edge thinning. A cutting allowance ci 0.0032 m (0.125 in.) was 
used in preparing the catting plans. Specific gravity and resin content samples were cut from 
scrap pieces (not from the perimeteil for each resin matrix laminate. For the B/Al panels a 
0.013 m (0.5 in.) strip in the longitudinal directi<m was cut frxMn one edge of each panel for quali- 
ty assurance testing (fiber content, tensOe pnqierties, and niletallograpbic examination). 

The numerous test specimens used during this program were identified according to the 
system described in Table 5-1. The ID numbers woe placed <m the resin matrix specimens with 
either a white pencil on the composite itself or with peiinanent blade ink on the end doublers. 
For the B/Al specimens dther permanent blade ink on the B/Al or vibra-tod marking of the 
maijil end doublers was used. No difficulties with unreadable ID numbers were experienced 
Airing any of the moisture or thermal exposures. Data bodes with a recend of each spedmen 
were prepared for the five material systems. All test results were filed in these logs, thus ensur- 
ing ready access to any of the data developed during the lengthy program. 

5.3.2 JHACHINING OPERATIONS. The machining operations required for the fabrication of the 
i-nmpnaitji specimens induded sawing, hole drilling, and slotting. Cutting of the flat laminates 
and Uwsion tubes into specimen blanks was accomplished with the large gantry-type diamond 
radial saw pictured in Figures 5-10 and 5-11. The resin matrix materials woe cut using a 0.25 
m (10 in.) diameter diamond plated blade. The diamond size was grit number 60 (270 micron). 
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FIfur# S-9 CutHiig Hon for 4 Ply 0/1 Ponol 












Table 5-1. Spoclmaii Idantiflcatjon Coda 


Motwial Iwninot* Ori«irto«oii To»k T«tt Sp^imwi No. 


A B/E 
B G/E 

C Brt*I 

D G/PI 
E B/Al 

U Unidirectional 
C Crossply 
•F Notched Crossply 

0 Baseline 

1. Tensile 

2. Notched Tensile 

5. Fracture 

6. Shear 

1 Thermal Aging 

1. Tensile 

2. Shear 

2 Ambient Aging 

1. Control 

2. 20 Weeks 

3. 52 Weeks 

3 Moisture Exposure 

1. 24 hr H 2 O Bofl 

2. 6 Wedc Humifty 

4 Atmospheric 

Exposure 1. Resin Matrix 

2. Metal Beatrix 

5 Creep 

6 Stacking Sequence 

1. [46*0 -45*. OT, 

2. (O*. 45*. - 45 % 

3. (46*,0*-45*l, 

7 Fatigue 

1. Notdied 

2. Unnotched 

8 Short-Term Flight 

Simulation 

9 Long-Term Flight 

Simulation 

Transverse specimens are marked with "T” before the regular ID Na 
For E-C-7-1-24 is B/Al. Crossply. Notched Fatigue Specimen Na 24 

*Used on notched flight simulation specimens only. 
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FIgwr* '^•10 C a wtr/ -Typ> Dhiinoiid ivAal Sow 


Sawing was done without coolant at a cutting rate of 5600 s&n with powered feed rates of 6 to 
10 ipm. The specimens were cut to final size with no edge finishing required. For B/Al a 0.25 m 
(10 in.) diameter diamond impregnated (grit number 46 (350 micron) metal bond) saw blade was 
used. Cutting rates were the same as those used for the resin matrix composites. The B/Al 
specimens were cut wet using a 24 to 1 ratio water sohible oil with flood application. Again, 
good edges were obtained without additional finishing <^>erations. 

Holes were required in the notched tensite, fatigue, and flight simulation (both short- and long- 
term) specimens of the resin matrix materiab and in the notched tensile and fatigue specimens 
of B/AL Carbide and diamond coated core drills were used in a Na 2 Mowe jig bore machine for 
fabricating the 0.(X)64 m (0.250 in.) holes in the resin matrix composites. No coolant was used. 
Electro-discharge machining (EDM) was used to produce the 0.0G32 m (0.125 in.) holes in the 
B/Al specimens. The equipment used was an Elox HRP 104 EDM machine with a graphite 
electrode. 


OF 
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The other machining operations were cutting the center a^ edge slots in the BIM 

and the center notches in the fracture specimens of ^ the com- 

p<Lite^terials. The B/Al shear specimens were slottrf with tte 

JSIL to^atused for producing the holes in the notched tensile and fati^e specimens Fw 
Iv 0 M006 li(oSm in.) was desired. Cutting of these notches 

*^ia^I^.tt5oM8 m (0.0015 in.) to (>.000064 m (00025 inj for both the metni end the 
metal matrix spedmens. 

T« ./iHirinn to the machinimr operations required on the conqwsite materials, it was ne<^«^ 

!o“52frd^6xture.tJ^P^^«^^ 

line of the test specimens to within ± 0.000064 m (C.0025 m.) 

> • • nmiBi CB KnuniNG With the e T^yp^i^" of 1) short beam shear. 2) flexural, 3) fracture, 

frdfuJL^I^^PpingfixtoS^li testing. The 
the doubler materials were: 

a. Temperature capability. 

b. Thermal expansion matching of doubler and specimen. 

c. Strength. 

d. Cost. 

Mr«t of the resin matrix specimens were fabricated with either epoxy-glass laminate or 

S^^i^^de Sdi^S^e prSjS!and^^ epcJS^^s used for both th^ 

chan^ Uat tAfitiniF of rastn matrix spacimaiis at tampcraturcs 

S2v^^K*(3M^)T^^SSt<nia^ (SMSnd 703/Astroquartz) doubler Mtcrid^ 
n!?i, ^hf (Liv lid SnSriinide doublers were 0.0015 m (0.060 in.) in thick^. 
^blStr Se S^rity of B/>f s&ens were m^e from 6061-T4, aluminum alloy of the 
same nominal thickness as the conqxwite being tested. 

The exceptions to the above described spedmens were the creep and flij^t sim^tion 
^rSSth the resin and metal matrix systems. These w^ pm 

to the others, which were either clamped or loaded throng a wedge actum t^pf 
ture The creep and flight simulation spedmens also had the reqpimm^ of 
tain a lon«-tiine elevated temperature test environment. For a pm loaded apphcation, parti^ 
a?dtev^ temperature, a metal doubler is frir superior to either the epoxy or polyumde 


»»»*»«.„ h.^.* b«t combmatta. of ofevoted 

Jfl. °3“gi »Pecta««. 

BfAf opo^r 


•^'^‘“-’'•^voo „,»ita bond, 
for tb. con. aJgt •"-). 

turomd bolow. EA4309 woo «lectod(^,r.si^Ltrii^^^^? 02 ^ 

.f^^SH£S^:SSS 

adhesive that was considered to have had the best combiMHnn «f oL. ^^f*!** 
strength and stability’ and the one selected for all pl»vnra<i t ^ elevated temperature 

a modifed epoiy-ptaKSc fflL JdS5?l-S ™ «!r»^ waa HT-124. Tbis ia 


«dd obd»d in nteic ploa bydndhoric aoluton and 



SECTION 6 

LAMINATE QUALITY ASSURANCE TESTING 


Quality assurance testing was performed on aU purchas^ <B/AD or (^nvair 
G/E B^I and G/PI) laminates to ensure good quality and, where applicable, concu^ce with 
an ^ifi«tion requirements. Unacceptable material was rejected md replac^ In gen^ 
quality assurancel^ting consisted of visual examinatiom ul^ C-scan. volui^r weight 
DM^t determinations, mechanical property testmg, thickness nreasurement, and, for the 
^ISa^els, metaUographic examination, -nie foUGwing sections describe the tests and pre- 
sent the results for the materials included in the program. 

6.1 JWETAL MATRIX COWIPOSITE MATERIAL 

The B/Al quality assurance test program consisted of nondestructive testmg, volume percent 
detenn^tions, thickness measurements, tensile tests, and metaDographic exai^ti^. M 
th^^^site panels were nondestructively evaluated by ultra^nic t^tmg. 
techniqim was pulse-reflection through-transmission with a smgle short-f^s^ 5 MHz 
SlS sulfate teansducer. The results are recorded on a C-scan recording 
gray lighter than some maximum are relatable to acoustic transmwsion lossM withm the test 
paneL^he overall integrity of a test panel is described by an arbitrary ratmg system wth 
Numerical values from 0 to 5 assi^ed on the basis of Convair’s ei^nence m ^trasomc testog 
of hnnSds of composite panels. The rating reflects variatioM tom nor^ S' 

mal does not necessarily mean perfect. For example, a few vndely 

ment fragments have no measurable effect on the structural pwformance of a ^en compo- 
nent. Although undesired tom a workmanship standpoint, if small is^ted defecte cause no 
eftots, they are judged to be normaL Degr^ of variation 
iectivelv determined by engineers with wide experience m the evaluation of TOmproite 
materials. Ratings of 3, 4, and 5 represent severe or widespread defecte 
detrimental effects upon the structural performance of the romponenL ^ re^te 

to scattered or isolated defects caused by faulty workmanship ^or loss control 

Tbeae ratings apply to defecte that should not adversely aff^ °A 

the component. Table 6-1 summarizes the ultrasonic test results of both the umdirectional an 
crossply panels. Overall panel integrity was excellent. 

Vohime percent (v/o) determinations were performed on each B/Al panel to determine the 
TSLenl, «.d ..triz pr«ent In the 
specimens were used as test samples. Each specuMn was wm^ dn^ and 
cS^were leached tom the samples in a 50% solution of sodium hydroxide at approximately 
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Tabl« 4-1. RmuIIs of Nondottructivo EvoluaHon of B/AI Ponolf 
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339 K (1W» F). The filaments were coDected. washed, drfed. and weiriied. Assuming the den- 
sity of ahiminum is 2700 kg/m3 and the density of the filaments is 2510 s.g mil 

boron, the volume percentages of filaments were cakulated using the following formula: 


F_ 

e 

F 

Filament Vohime Percent (v/o> » X 100 

W W" 

_A +_£ 


Wp » Wei^t of filaments 
QF » Daisity of filaments 
V Weight of Ahiminum 
OA * Denst^ of Aluminum 


The results of the v/o determinations are givoi in Table 6-2. For the 6 p|y the varia- 

tion ranged from a low of 46. 1 to a hig^ of 51 .4 v/o of boron with an overall average of 48.8 v/o 
bor^ These results are Qrpical of a nomin a l 50 v/o B/Al conuMsite mstoriiil The 12 nlv 
lanunates ewe somewhat lower with values of 43.3 and 42.5 v/o boron. 


Thid^ measurements m made on the B/Al panels using mioometers. The results (Table 
6-1 ) show relatively small differences in thickness within meh pand or between the unidirec- 
tional and ± 45*1, crossplied B/Al panels. 


Ten^ tests weiv pttformed on each of the JkAl panda. The configuration of the tm til e 
^edmn us^ 7*^ ? simple, straight-sided spednum 0.15 m (6 in.) long and 0d)13 m (0.5 in.) 
wide cot m the longitoduial direction. Bonded don biers were utilized to miniinfa^ stress con- 

centratiim in the gr^iping areas. The doublers were ma^ from 6061 T-4 bare ahiminum and 
were of themm noinind thickness as the compodte being tested. The doublers were bonded 

to the composite qiedmena with EC-2216 qwzy, a modified amineoored epoxy that 

am at room tenqierature. Tensile specimens were tested in an Instron testing machine using 

a bead rate of 000025 m per minuta (0.01 in. per mbiute). Stres^strain curves and sb^ 
meetnirements were made with Baldwin mkroformers. Modulus valoea were calculated from 

the streseetrain corres. Results of the tenaik tests on the6 1^ laniinates. shown in Table 6-2. 

indicate an average tensile strength of 1450 MN/m* j210 ksi) for the unidirectiood B/Al 
material mid576MN/m2 (M.6 k^ for the [O; ± 45*1, croesplied layup. ThkfatogSrfMree- 
molt with early work at Convair on 5.6-mfl B/Al conqwdte materiaL The modnhis 

vahim of 196 GNte2 (28.7 million pai) for the unidirectiood and 123 GN/m2 (17.9 maiy^ osq 
for ^crosspM lajm^ however, are about 8% less than typicd of previous results. Noreasra 
c^ be foi^ for the lower modulus properties. Because of the lower fiber contents, the ten- 
sile strengths d the 12 ply panels were somewhat lower than those obtained from the 6 nly 
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LRC-17A (0” ± 45*1,2 450 350 658 95.4 

710 103 


Tobl« 4-7* QvalHy Asturanc* Doto for G/E Tubof 


Tub* No. 

Fiber Contant 
(wt%) 

R«f In CQntnnt 
(wt%) 

Spncifk Gravity 

1 

66.6 

33.4 

1.56 

2 

68.6 

31.4 

1.55 

3 

67.5 

32.5 

1.56 

4 

68.2 

31-8 _ 

1.56 


In addition to the B/PI panels, five B/PI 8 ply nnidirectioiial tubes were fabricated for the 
baseline shear tests. Resin and fiber contents and specific gravity detenninations were made 
on two of the tubes. The other three tubes were not tested as aiesult of the decision to drop ^ 
B/PI system from the program because of the very low tensile pn^mties and the extensive 
degradation observed during thermal aging and short-term flight simulation testing. 
Data for the two tubes that were tested are listed in Table 6-10. 

- m 

Based on the results of the qi^ty assunmce tests, of the B/PI fiJnicated l a m i n a t es and 
tubes were consido«d to be satisfact<n 7 . 

6JI.4 GRAPHITE/POLYIMIDE. Using the same technique described fmr the B/E material, afl G/PI 
inminat^ Were ultrasoni c C -scan tested for delaminations and voids. AH panels 
were judged to be acceptable bas<^ on this evahiati<m. 

The results of the imnaining QA tests <»i the G/PI laminates are presented in Table 6-11 fw 
resin and fiber contents and specific gravity values and Table 6-12 for room and devated 
temperature flexural and room temperature short beam shear strengths. 

Based on the results of the QA tests all of the G/PI fabrkated laminates were considoed to be 
satisfactory. 
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jobU 4-10, Q««IHy As*uro»c« Dot* for i/W T«bo» 


Tub* No. 

Flb*r Contwit 
(wt %) 

|*.in Cbnt*«l 

(Uft %) 

Specific Gravity 

2 

3 

64.6 

66.6 

26 

24 

1.98 

2.02 


TobU 4-H- Q««*»r Atwrwwo Doto for 0/« Umlnofo* 


No.«f 

PomI Ho- OrtootoHoo Hlot 


Ste 


(In.) 


htl ow4 o4 Um 

(•) 


(wl%) 


tin Coolool ly c tf i r 
(wf %) Orwrtly 


LRO50 (0*U2 
LRC-51 [0* ± 45®1s 2 
LRC-52 [0*le 
LRC-53 10T6 
LRC-54 10* ± 451, 

LRC-55 10* ± 45*1, 

LRC-56 10* ± 451, 
LRC-57 [0* ± 451, 
LRC-58 lO^le 
LRC-59 10* ± 451 
LRC-60 10* ± 451 
LRC-61 10^ ± 451 
LRC^2 10* ± 451 


12 

12 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 


0.46 XC 

1.58 

18X33 

.46 X 

.46 

18X 18 

.38 X 

.69 

15X27 

.48 X 

.91 

19 X 36 

.48 X 

.91 

19X36 

.46 X 

.69 

18X27 

.51 X 

.61 

20X24 

.25X 

.46 

10X18 

.58 X 

.69 

23X27 

.46 X 

.69 

18X27 

,46 X 

.69 

18X27 

.46 X 

1.02 

18X40 

.46 X 

1.02 

18X40 


QA,0*2,7 
QA, 2, 7 
0,7 
0.7 
0.7 
0.7 
0,5 
1 

1.5 

5 

8 

9 

9 


68.8 

31.2 

67.7 

32.3 

67.6 

32.4 

67.3 

32.7 

68.4 

31.6 

68.6 

31.4 

68.4 

31.6 

67.8 

32.2 

71.6 

28.4 

68.3 

31.7 

64.7 

35.3 


1.41 
1.40 
1.49 
1.51 

1.42 
1.40 
1.55 
1.48 
1.48 

1.43 
1.46 


a QA Quality 

0 Baaeliiw 

1 Thermal Aging 

2 Ambient Aging 
5 Creep 


'7 Fatigue 

8 Shoe^Term Eapoeura 

9 Long-Term Expomae 



/ 


T.U. *-12. Q-Wty M«.r«K. F«pt»y D«»« for C/PI U«*«l- 


PmINo. Or U i rtrt oii 


LRC50 


K)*1i2 


297 




75 


Av«rag« 

LRC50 


I0*li2 


450 


350 


Average 

LRC 51 |0* ± 


297 


75 


Average 

LRC-51 


| 0 * ± 45 * 1*2 


450 


350 


Nesaral 

MN/n* 

(W) 

HN/m* 

sinmrti 

(hti) 

1330 

193 

46.9 

6.8 

993 

144 

48.3 

7.0 

1220 

177 

49.6 

7.2 

1190 

171 

48.3 

7.0 

809 

126 " 



952 

138 



,807 

117 



870 

127 



664 

96.4 

40.7 

5.9 

507 

82.2 

37.9 

5.5 

703 

102 

33.8 

4.9 

645 

93.5 

37.5 

5.4 

538 

78.0 



601 

95.8 



439 

63.7 



540 

79.2 




I 

I 

i 

i 

i 

\ 


Average 


SECTION 7 

BASELINE TESTING 


The puipoee of the baseline tests was threefold. First, these daU served to characterize the 
componte nutenals and add to any existing data bases. Second, the baseline tests provided 
the ^ and s^^ parameters necessary to define the statistical distribution of the ultimate 
tensile strengths for each of the material systems. These, in turn, were used to set the for 

tlw short-tom tests, and with the short-term results, are used in a weerout analysis to 
relate static and fatigue strengths. Finally, the baseline tests provided a rational starting 
pomt against which the various environmental effects may be measured. 


Teste that were conducted included ultimate tensile, tensile modulus, Poisson’s ratio, notched 
toisue (Kt = 2.43). riwnsverse tensile (unidirectional laminates only), ultimate sheer streiurth. 

sheaijnod^s. and fracture. In addition to those teste that were originally planned, a^iS 

^ber of compressive teste were also performed. These were added late in the program 
^use of i^tMHu during thermal aging and flight simulation testing that iSrix- 
^muMi^ failure in^ were operating. Testing was performed over the temperature ranee 
fr^ 2W K (-67« F) to^ K (350* F) for the epoxy specimens, to 616 K (650* F) for tC 
polyunide ^lecmw end to 700 K (800* F) for the B/Al specimens. Because of tlie large 
avsilsble for the B/E system, oafy limited testmg was conduct^ 
this inatcn^ BaseliM testing of the B/PI system lud not been conqileted when tho material 
w rmioved frim the test program because of low tensile propoties and extensive thermal 
degi^tiOT during thermal aging and short-term flight simulation testing. Finalhr. the G/PI 
torsion tube teste m not run because of a lack of material with which to fabricate the test 
specimens. Some shear data were available at Gen^ Dynamics Convair, however, from a 
then current program evaluating the same HT-S/710 system. 


TJ* testing procedure used for this study were those that had been adopted by General 
Dynaniics Convair and the composites industry at the time this contract was initiated. In 
grneraUhm were no standards other than those called out in the Structural Design Guide for 
Advanced Composite Applications (ref. 4). ^ 


caUbroted equipment. Temperature measurements were also 
m^ mth cabbrated thennocouples and recording devices. The General Dynamics Standards 
LaboraU^ utilizes a fully documented system that meets aO the requiremmte of NASA and 
SlivJent*^***"* reports to establish traceability to the National Bureau of Standards or 

3 : » «»• 

7.1 mtsMimnNG 

Included in this se^ are the unnotched and notched tensile tests, elastic modulus determin- 
ations, and the Poisson s ratio measurements. 


7.1.1 SPECIMEN DESIGN AND TEST PROCEDURE. The tensile specimra configuration was rectan* 
gular with adhesively bonded end tabs to reduce stress concentrations at the gripping fixtures. 
Longitudinal sp^imens, both notched and unnotched, were prepared from 6 ply liiminatlim 
while the transverse specimens were 6 ply for B/Al and 12 ply for the epoxy and polyimide 
systems. The widths and lengths were dependent on the type of conqMsite. the test direction, 
and the configuration, Le., notched or unnotched. Details of the q>ecimen geometry for the 
various materials and configurations are listed in Table 7-1. Based on results from nnmoffwis 
test programs conducted previously at General Dynamics, a width of 0.013 m (0.5 ia) was 
selected for the longitudind tensile specimens of b^ the resin and metal matrix 
The same width was suitable for the transverse B/Al specimens but was increased to 0.025 m 
(1.0 in.) for the transverse ep^ and polyimide spedm^ because of thrir low strength. The 
wido* specimen reduced the likdihood of aradental frihtres during hancOing in the machining, 
doubler bonding, or testing operations. The notched configuration for the resin matrix 
specimens was the same as that used for the short-term fli^t sinuilation specimens. It crm* 
sisted of a 0.025 m (1.0 in.) wide specimen with a 0.0064 m (0.25 ul) hde in the center. The 
theoretical stress concentration (K^) for this configuration is 2.43 (r^ 23). The original plan for 
the B/Al system called for a side notched specimen, 0.013 m (0.5 in.) in width, with a theoreti^ 
notch acuity (K^) of 6.3. After cutt^ the blanks but before machining the side notches, a <tod- 
sion was made to use a configuration similar to that chosen for the resin matrix specimens. To 
keep the hole-to-spedmen width ratio the same, a 0.00318 m (0.125 in.) diameto’ hde was 
machined in the center of the B/Al specimens. 

The tensile specimens used on the program are shown in Figure 7-1 for the longitairfinal resin 
matrix and metal matrix specunens and in Figure 7-2 for the transverse resin matrix 
specimens. The transverse B/Al specimen is identical in dimensions to the longitudinal 
specimen of Figure 7-1. The notched tensile configurations are shown in Figure 7-3 for the resin 
and metal matrix composites. ~ 

Tensile testing was conducted in both Instron and Tinius-Olsen machines using 

Instroncapstangrips with ball or universal joints to ensure axial loading of the specimens. A 

crosshead rate of 0.0025 m (0.01 in.) per minute was used for all tests. Strain was measured in 
two ways. For the specimens where Poisson’s ratio was required, four strain gages were bond- 
ed to the test section. Elastic modulus values could also be determined finm these a p^m ens 
A few of the G/PI and B/Al spedmens were also strain gaged (two gages only) to detomine 
modulus values at the hicdier tenqwratures where ccmventional ext«nimmet ^<r wwMia^ i ren vf n tB 
were iH)t always reliable. 'The second method of strain measurement was arith a clanqH>n 
gage extensometer. The extenaometer was used frrom 218 K (—67* F) to 561 K (550* F) with 
reasonably good results. At the hi^ier tempwatures, however, tte bonded strain gage method 
was superior. An elevated temperature tensile specimen mounted in the ra pitt a n grips with a 
strain gage extensometer and thermocouple attached rea<fy^ for test is shown in Figure 7-4. 

Elevated tempnature tests were conducted with either a Conrad-Missimer ftuimhpr or a small 
ring furnace. The advantage of the ring furnace was that the grips were not directly heated and 
doubler bond failures were reduced. 'Ilie ring furnace was particularly hMM»firial at tempera- 
tures above about 561 K (550* F). All the tests at 218 K (—67* F) woe performed in the 
Conrad-Missimer chamber. Tempoature was measured with a thermocouple clipped to the 
specimen such that the bead was in contact with the surface. Specimens were held at tempera- 
ture for a minimum of 10 minutes prior to loading. 
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For the specimens that were to s«^on and P«*pat^ 

appUcaUon of the gages, the Mic^Measurement) to fiD any void 

^ M-bond 900 adhesive hours, and the specin^ns 

surface. The precoat was cured^ 3^ K(2TO ^ ^ 

liahUv sanded. The stram gag^ were *f ,on^ 

Specimens were instn^nt^wt ^ ^ ^oj„ju3 only two gages were required, one 
onV.ch side. For determination of elastic moouiu 

longitudinal gage on each side. 

T.^,. 7-2 the typ. of g.*.. by BLH 

^des selected for the different test specimens. 

Testing of the strain gag^ 

specimens tested 'mth a stn^ measurements 

i^M^were loaded increment^y to f ^ure wt Indicator. 161 Mmi-Systei^ at 

with a B & F Instruments. Inc. ^Sen recording of load versus stram and a 

each load level The output was both “J^P® comnuter programmed to produce a stress 
punched paper tape that could be gj^^wn in*^Figure 7-5. Poisson’s ratio and 
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Figiir* 7^ Automotic Strata R«conllns Imtrummtotion for 
Strata Cogod Tonsita Spodmon - 


material. aU elevated temperature specimens and 
iirTt T that were not strain gaged were heated at 394 K (250» F) 

for at least 24 hours to remove any absorbed moisture. The strain-gaged room temperature 
^^ns were baked out prior to application of the gages and then stoiSl in a desiccaSitil 


7.1.2 TEST RESULTS AND DISCUSSION 

Ihta Grephlte^xy Systoms. Because a large data base was already avail- 

system, no bas^ tensile testing was required. However, for later cLpari- 
3^? ’wth tte remdu^ strength data from the flight simulation exposure specimens it^ 
dwirable to have baselme unnotched and notched tensile data from^same hS^h of i3aS 
^fore. room temperature unhotched and notched tensile tests were conducted on P + 
45 J, d^sply mater^ using the same test conditions and specimen confimirations 
^ the B® (light eheeletk* 

Tte i^otched specimens were strain gaged so that Poisson’s ratio values could also be^ 

th'T? ■ ^ A tensile load-strain diagram is shown in pSue 7-7 

for one of the stram gaged specimens. The points plotted are the average of the two iSgtitu- 
dinal or transverse gages. Based on the few tests that were run, there is m approximateb^O% 
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, ^ rAO Ifiol B/E ot Room T#mpo<^«^ 

„kU 7-3. »»»~ 7-“»* P~P-7'"«' t«° 


Toeio — 

— (I? X 7o*) 


lin gage 


Unnotched 


Notched 


measurement 


596 

617 

643 

avg 619 

399 

476 

454 

avg 443 


SPEC. NO: AC31-3 
ABEA: 9.42 X 10® 10.0148 « ) 

MODULUS: 93.1 GN/m^ (115 Na) 


POISSON'S BAT10: 079 


6000 -4000 


micro STBAIN 


rao + 45°]. R/R ot 2W K (75® R) 
^ WI. I— ■»"-« •- 1*- * “ 


653217-23 


splied layup. - r- - 



The initial plan for the G/E baseline tensile tests was to test at four temperatures. This was 
later changed to seven temperatures with three specimens each (total of 21 specimens). From 
the tensile strength versus temperature curv’e obtained, two of the temperatures would then be 
selected for an additional sever tests each (total of 14 specimens). It was planned to select 
these two temperatures ip the region just below that where a distinct change in the slope of the 
s^ngth versus temperature curve occtirred and then to use these data to set the loads for the 
flight simulation exposures. For G/E, however, no faSoff in strength was observed out to the 
maximum test temperature of 450 K (350“ F). Because of the uncertainty in the mavinumi use 
temperature of G/E for very long times, the two additional tensile test temperatures were 
selected such as to cover a wide range of temperature. They were 394 K (250“ F) and 450 K 
(350“ F). As it later was found during the fong^-term flight simulation tests, both temperatures 
were above the maximum use temperature of the epoxy systems for 10.000 hour service. 

Baseline tensile tests, both unnotclied and notched, were performed on unidirectional and (0“ 
— ^5 *)s crossplied specimens in the longitudinal direction. Some unnotched tensile tests were 
also performed in the transverse direction on unidirectional material, and a limited amount of 
Poisson’s ratio testing was conducted, ilesults aiv listed in Tables 7-4 through 7-9. Figure 7-3 
shows a typical example of a load-strain diagram obtained from one of the strain gaged 
Poisson’s ratio specimens. The longitudinal unnotched and notched data are plotted as a func- 
tion of temperature in Figures 7-9 and 7-10. A summary of all the G/E tensile properties is 
presented in Table 7-10. 

Modulus values are given for the majority of uimotched specimens. For some specimens, how- 
ever. modulus valu-. s were not determined because of the change in the test plan discussed 
above. Specimens that had originally been scheduled for testing at room temperature had been 
prepared with doublers bonded on with low temperature adhesive. To test these samples at an 
elevated temperature, a small ring furnace that heated only the center section of the specimen 
was required. With this type of heater, the clampK>n extensometer could not be accommo- 
dated. In addition to these specimens, a few others are shown without modulus values because 
of extensometer malfunctions. Several of the specimens were strain gaged in order to measure 
Poisson’s ratio. The modulus values measured on these specimens are noted in the tables, ’in 
general, these values are more reliable than those determined with the mechanical 
extensometer. 

'The effect of temperature on the tensQe strength of G/E is shown on Figures 7-9 and 7-10. With 
the exception of the 218 K (-67“ F) results, the tensile strength exhibited almost no cnange 
with increasing temperature out to the maximum test temperature of 450 K (350 “ F). At 218 K 
(—67“ F) the strength showed a moderate decrease for the crossplied material and a rather 
large one for the unidirectional material (almost 50%) for the unnotched specimens. This 
strength decrease at low temperatures i» not uncommon for resin matrix composites. 'The 
effect is believed to be related to residual stresses in the material, which increase as the differ- 
ence between the cure temperature and the test temperature is increased. Also shown on 
Figure 7-9 and 7-10 are the scatter bands for the various tests. F(W both unnotched and 
notched specimens the data scatter was numerically greater for the unidirectional material, 
but, percentagewise, the crossplied material showed a significantly greater degree of scatter. 
Because of the larger number of specimens tested at 394 K (250“ F) and 450 K (350“ F) the 
scatter bands at these temperature tended to be somewhat wider. 
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Tobl* 7-4. 


BaMlIn* T«ntll« Prop«rtl« of [O®]* G/t 



Spmclmmn 

Number 


T«mp«rotwr» 

K {^) 


T«ntil« Str««irti 
MN/m3 (ksl) 


T«iisll« Modvlut 
OH/m^ 


BUOl-1 

-2 

-3 

BUOl-4 

-5 

-6 

BUOl-7 

-8 

-9 

-22 

-23 

-24 

-25 

-26 

•27 

-28 

BUOMO 

-11 

-12 

BUOl-13 

-14 

-15 

BUOl-16 

-17 

-18 


BUOl-19 

-20 

-21 

-29 

-30 

-31 

-32 

-33 

-34 

-35 


218 -67 


297 75 


394 250 


408 275 


422 300 


436 325 


450 350 


917 

133 

1050 

153 

683 

99 

avg 883 

128 

1460 

211 

1660 

240 

1540 

223 

avg 1550 

225 

1650 

239 

1440 

209 

1490 

216 

1460 

212 

1560 

227 

1520 

221 

1350 

196 

1630 

236 

1450 

210 

1570 
avg 1510 

228 

219 

1660 

241 

1740 

252 

1610 
avg 1670 

233 

242 

1540 

224 

1520 

221 

1450 

210 

avg 1500 

218 

1600 

232 

1660 

240 

1600 

232 

avg 1620 

235 

1630 

237 

1630 

237 

1550 

225 

1580 

229 

1630 

237 

1630 

236 

1590 

231 

1310 

190 

1630 

236 

1680 

243 

avg 1590 

230 


•143 

•20.8 

•134 

•19.4 

•145 

•21.0 

141 

20.4 

•141 

•20.4 

•136 

•19.8 

•136 

•19.8 

161 

23.3 

152 

22.1 

141 

20.4 

150 

21.8 

144 

20.9 

152 

22.1 

146 

21.2 

165 

23.9 

166 

24.1 

166 

24.0 

•141 

•20.5 

•140 

•20.3 

•136 

•19.9 

139 

20.2 

143 

20.7 

141 

20.5 

131 

19.0 

138 

20.1 

150 

21.7 

150 

21.8 

131 

19.0 

154 

22.3 

148 

21.5 

154 

22.4 

160 

23.2 

144 

20.9 

156 

22.6 

155 

22.5 

150 

21.8 


a Strain gage measurement 
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Tobl« 7-$. Sas«lici« Tonsil# Prof«HlM of [0^ ± 45^]^ C/E 


Spocimon Tomporotvro Tontilo Strongth Tontllo Moduivt 

Number K (<>F) MN/tn> (ktl) GN/m^ (M«i) 


BUOM 

218 

-67 


416 

60.4 

49 

7.1 

•2 




439 

63.6 

43 

6.2 

-3 




493 

71.5 

50 

7.3 




avg 

449 

65.2 

47 

6.9 

BUOl-6 

297 

75 


578 

83.8 

•61 

a 8.8 

7 




447 

64.8 

•54 

• 7.9 

S 




463 

67.2 

•56 

» 8.1 




avg 

496 

71,9 

57 

8.3 

BUOl-4 

394 

250 


478 

69.4 

— 

— 

-5 




505 

73,2 

— 

— 

-16 




443 

64.2 

55 

8.0 

-22 




524 

76.0 

46 

6.6 

•23 




518 

75,2 

— 

— 

-24 




623 

90.3 

43 

6.2 

•25 




596 

86.4 

48 

7.0 

-26 




541 

78.4 

65 

9.4 

-27 




521 

75.5 

74 

10.8 

•28 




509 

73.8 

62 

9.0 




avg 

526 

76.2 

56 

8.1 

BUOl-9 

408 

275 


494 

71,6 

— 

— 

-10 




407 

59.0 

— 

— 

•17 




552 

- 80.1 

- 54 

7.8 




avg 

484 

70.2 

54 

7.8 

BUOl-11 

422 

300 


569 

82.5 

— 

— 

-18 




460 

66.7 

48 

6.9 

-19 




497 

72.1 

54 

7.8 




avg 

509 

73.8 

51 

7.4 

BUOl-12 

436 

325 


508 

73.7 

— 


•13 




520 

75.4 

— 


-20 




477 

69,2 

53 

7.7 




avg 

502 

72.8 

53 

7.7 

BUOl-14 

450 

350 


457 

66.3 

— 

— 

-15 




522 

75,7 

— 

— 

-21 




499 

72.4 

46 

6,6 

-29 




514 

74.6 

78 

11.3 

-30 




499 

72.4 

70 

10.1 

-31 


- 


430 

62.4 

52 

7.5 

-32 




470 

68.1 

47 

6.8 

-33 




558 

81.0 

63 

9.2 

-34 




506 

73.4 

53 

7.7 

-35 




544 

78,9 

57 

8.2 




avg 

500 

72.5 

58 

8.4 


^ Strain gage mea5urpment 
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Tabu 7-*. laMlina Notcbad TansiU PropartU* of [0*]* C/S 


Sp«cim«ii 

Nufnb«r 


T^mp^roHm 


N o f ditd T«fisiU Strvnglli 
MN/m2 (ksi) 

{•) 


BU02-1 

*2 

-3 

BU02-4 

•5 

-6 

BU02-7 

-8 

-9 

-22 

•23 

•24 

•25 

-26 

•27 

•28 

BU02-10 

•11 

-12 

BU0213 

•14 

•15 

BU02-16 

•17 

-18 


BU02 


-19 

•20 

•21 

-29 

-30 

-31 

-32 

-33 

-34 

-35 


218 -67 


297 


394 


75 


250 


408 


422 


436 


450 


275 


300 


325 


350 



1100 

159 


938 

136 


1060 

154 

avg 

1030 

150 


1340 

194 


1310 

190 


1490 

216 

avg 

1380 

200 


1390 

202 


1210 

176 


1200 

174 


1380 

200 


1210 

176 


1560 

226 


1250 

181 


1570 

228 


1630 

236 


1510 

219 

avg 

1390 

202 


1640 

238 


1630 

237 


1590 

230 

avg 

1620 

235 


1610 

234 


1480 

214 


1270 

184 

avg 

1450 

211 


1400 

203 


1320 

192 


1510 

219 

avg 

1410 

205 


M170 

l>170 


1240 

180 


1260 

182 


l>1160 

bl68 


1340 

195 


bll80 

M71 


bl260 

l>183 


1590 

230 


1340 

194 


l> 910 

l>132 

avg 

13S0 

196 


■ Net section 5 trength, i.^.. based on total width less hole diemeter. 
h Doubler failure, values not included in average. 
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TobU 7-7. IomIIm Prop«rtl« 


Sp^CllMfl 

Numb^f 


BU02-1 

-2 

•3 


BU02-4 

-5 

-6 

BU02-7 

S 

-9 

-22 

-23 

•24 

-25 

-26 

-27 

•28 

BU02-10 

-11 

•12 

BU02-13 

-14 

•15 

BU02-16 

-17 

-18 

BU02-19 

•20 

-21 

-29 

-30 

-31 

-32 

-U3 

-34 

-35 


T«fnp*rotur« 

K (^F) 


218 


297 


394 


-67 


75 


250 


408 


422 


436 


450 


275 


300 


325 


350 


NolciMd T«mlk SlrM9tl) 

MN/ni> 

(k«>) 

(•) 


317 

46.0 

309 

44.8 

311 

45.1 

avg 312 

45.3 

367 

53.2 

477 

69.2 

391 

56.7 

avg 412 

59.7 

461 

66.9 

398 

57.7 

536 

77.8 

324 

47.0 

360 

52.2 

429 

62.2 

443 

64.3 

385 

55.8 

319 

46.2 

358 

51.9 

avg 401 

58.2 

448 

65.0 

367 

53.3 - 

377 

54.7 

avg 397 

57.7 

456 

66.2 

372 

54.0 

353 

51.2 

avg 394 

57.1 

429 

62.2 

425 

61.6 

436 

63.2 

avg 430 

62.3 

445 

64.6 

396 

57.5 

553 

80.2 

419 

60.8 

334 

48.4 

403 

58.4 

396 

57.4 

445 

64.5 

398 

57.7 

369 

53.5 

avg 416 

60.3 


iNi i a«^ion strength, i-e.. based olHotal width less hok dkmewr. 
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7 ^. Prop.rti- of [#»]„ 0/1 T«rtod k. tfco Tronivor.. Wr«ll«. 


$p<d m #w 


T«mp«rotur« 

K 


ldg« 

Condition 


TBUOl-1 

-2 

-3 

-4 

-5 

-6 

TBUOl-A 

•B 

C 

-11 

-12 

TBUOl-7 

-8 

-9 

-10 


297 


75 


Poor 


297 


75 


Good 


450 


350 


Good 


0.0025 

.0025 

.0025 

.0025 

.0025 

.0025 

.0013 

.0019 

.0019 

.0020 

.0019 

.0016 

.0019 

.0019 

.0020 


TnitsUn SttM^tli 


(In.) 

MN/m> 

(kti) 

1.00 

29 

4.2 

1.00 

40 

5.8 

.99 

27 

3.9 

1.00 

38 

5.5 

1.00 

38 

5.5 

1.00 

32 

4.6 


avg 34 

4.9 

.50 

54 

7.8 

.75 

59 

8.6 

.75 

64 

9.3 

.80 

57 

8.2 

.75 

62 

9.0 


avg 59 

8.6 

.62 

39 

5.6 

.75 

37 

5.4 

.75 

32 

4.7 

.80 

41 

6.0 


avg 37 

5.4 


Tobin 7 - 9 . SosoHno PoU»oo*t totio Ooto in Tnoflort ol G/E 





Tost 



Polssofi't 

totio 

Sfdmfi 

Number 

Lominoto 

Oriontotlon 

TMt 

DlrMtion 

Tompnratum 

K W 


BUOl-4 

I0‘l6 

Longitudinal 

297 

75 


0.35 

.33 

-5 






.32 

•6 





avg 

.33 

BUOl-7 

I0*l6 

Longitudiiul 

394 

250 


.30 

.30 

-8 






.37 

-9 





avg 

.34 

BU0M3 

[0‘l6 

Longitudinal 

422 

300 


.39 

.32 

-14 






.35 

-15 





avg 

.35 

BCOl-6 

10- ± 45*1, 

Longitudinal 

297 

75 


.71 

.70 

•7 






.70 

-8 





avg 

.70 
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SPEC. NO: BC01-S 
AREA: «.74X10'*in*(a01355iii*) 
MODULUS: 60.7 GN/m^ <18 Md 
POISSON'S RATIO: 0.71 

J I L 


0 2000 4000 6000 8000 10.000 

MICRO STRAIN 


•6000 -4000 -2000 

Figur# 7-8 T«nfll« lood-Stroln Diagram for [0« ± 45o],. G/E at 297 K (75® F) 
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Figura 7-9 tatalin* Taiwlla Propartios of G/E 
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Figure 7-10 Oos^ltn* Notched T«itslU Prop#r««* of G/E 

In like mmner to the teneOe strength dnta, the ^ 

sBected by increasing temperature out to the mammum teat tempera^ o( 450 K 1^ a 
At 218 K <-67* F) the average value for the crossplied material was shghtly lower than ^ose 
Sher ^pe^ but ah of the 218K 1-67* R data ^ f ‘S^rt^o^ 

of the tests conducted at 394 K (250* F). No modulus values were obtained from the 218 K 
(-67* F) tests on the unidirectional specimens because of extensomet* malfunctioning. 

A comoarison of the ratio of the notched to the unnotched tensile strength of G/E at of 
has been mad. in Table 7-11. For the unidirm^ Mteri.^ rf 

a notch on Urn net section strength is quite smalL The result the no^ can ftoqu^y^ 
seen during testing, particularly fatigue testing, in that longitudii^ cracks|^pa^te ^an^t 
to the edges of the notch (center hole) along the entire length of^ test 
the fiulu^ode of the unidirectional notched specimens be s^m 
7-12 is a closeup view of the bottom specimen showing the longitudu^ sphtting that hM 
JJSrred ^gent to the 0.0064 m (0.25 in.) hole. THe net effect is to divide the spwun^to 
?SSSer ^el specimens. In a tensile test the two strips art as one and very httte r^uc- 
tion taX nettXue^ngth was observed. During fatigue testing, however, m wiU be 
in Section 1 1 . the notch was observed to either increase or decrease tl» fatigue Me compare^ 
unnotched specimens depending on the test conditions. For crosspbed matend the n^hed 
SSens gX a tensUe stren^h that was 10 to 30% lower than the unn^^ 
sS effSs of a center hole notch were observed for the G/PI system m both umdirectional 

and crossplied specimens. 
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TMa.7-11. te«,clNotd.*d«oUHna.ch,dWtoStr»..,rt.ofO/g«»V«^ 


Tiwperchif 

K (“F) 

to«o oF Nrtched to Uwwiched StiviigHi 

[0*l4 10*±45«1, 

218 

-67 

1.2 

0.7 

297 

75 

.9 

.8 

394 

250 

.9 

.8 

408 

275 

i.O 

.8 

422 

300 

1.0 

.8 

436 

325 

.9 

.9 

450 

350 

,9 

.8 



k The plan ^ am the lirTt Umhi» te that was fabricated, wm intend- 

le specimens, which were taken from _ well as for basdine tensile prq?er- 

to be used as a quality assur ® ^ ^l^en cutting the specimens. Six 

determinations. The wron^lade vruiraturc. iriving the low values shown in Table 7-8. 

these specimens TO spS^s revealed a very poor edge condi- 


'^^1(jINAL PAGF IQ 

«■ fom QUALW 
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FIgur* 7*12 OoMup Vi«w of Unldfroctionol G/E NofcKod Toosllo Spocimons Showing longHudlnoi 
Splitting Tongo nt to tho Contor Holo 



as5x 


6533t7.29 


Figuro 7*13 Tronsvorso Tontilo Spocimont of C/I Showing Poor Edgo C ondit ion of Itiipropoffy Mochinod 
Spoclmon (uppor) and Good Edgo CondHIotf of Froporly Mochinod Soocimofi (iowo r ) 
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dent that the fiber dominated tongitudinal strength. 

The remeining baseline tensile date for G/E. Poisson's 

t£:S':S'SS^ U.~. for U« B® 

. . ^ ^ ^ . . ..- «„,♦—. The test dan far the G/PI basdine tensile specunens was 

yy ft.t uu« t«t, «« p^on«d « 

temnmturas. It diffaed slightly, ho ivever, in that all remaining speciroens 

Kjid heen sdected for the fli^t simulation exposure tests. 505 K (450 Ft ierang 

Si .SSmea^one to inSSe the tensile strength data base that was 

tonpera^ was oone w ^ these tests were performed very ht- 

tte^ta was availa^ for the HT-S/710 system. Selection of the temperatures tor the flight 

.^i.liirinn tests is discussed in Section 12. 

D »«i«W> tests both unnotched and m^hed. were performed on unidirectional and [0® 

+ 45 “I crassnlied 3 p ^ »nens in the longitudinal directkm. Some unnotched ten^ tests were 


I 


Tobl«_7-12. Basdln* TwhiI* Prop*rtl«» ol [O®]^ C/PI 


SpMlRMH T«mp«^r* T«a»n* SirmigMi 

Numbf K (*F) *««/"•* O'*!) 


TmisII* Modulus 
CN/m2 (Msi) 


DUOl-1 

-2 

-3 


DUOl-4 

-5 

66 


DUOl-7 

•8 

-9 

-22 

-23 

•24 

-25 


DUOl-10 

•11 

-12 


DUOl-13 

-14 

-15 


DUOl-16 

-17 

-18 


DUOl-19 

•20 

-21 


218 -67 1300 

1180 
1100 
avg 1190 

297 75 1260 

1190 
1120 
avg 1190 

505 450 1090 

1260 
1270 
1360 
1260 
1130 
1160 
avg 1220 

533 500 1270 

1260 
1210 
avg 1250 

561 550 1370 

1400 
1190 
avg 1320 

589 600 1150 

1200 
1240 
avg 1200 

616 650 1080 

1120 
1060 
avg 1090 


188 

144 

20.9 

171 

97 

14.1 

160 

134 

19.4 

173 

125 

18.1 

182 

n27 

•18.4 

172 

•126 

•18.2 

163 

•126 

•18.3 

172 

126 

18.3 

158 

•121 

•17.6 

182 

•128 

•18.6 

184 

•126 

•18.3 

197 

— 

— 

00 

r-4 

— 

— 

164 

— 

— 

168 

— 

— 

176 

125 

^85 

184 

— 

— 

182 

— 

— 

176 

— 

— 

181 

199 

•141 

•20.5 

203 

•133 

•19.3 

173 

•128 

•18.5 




192 

134 

19.4 

167 

— 

— 

174 

— 

— 

180 

— 

— 

174 

156 

— 

— 

162 

— 

— 

154 

— 

— 

157 


a Strain gage measurement 
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TobU 7-13. Bai«Hfi« T»«fiU Prpp«rtl«f of (0® ± 45®], G/W 


Spocimon 

Numbor 


Tomporofur^ 

K (®F) 


Tonsito Strongth 
MN/m7 (ks4) 


Tofisilo Modulus 
GN/m^ (Ms!) 


DCOM 

-2 

3 

DCOM 

-5 

-6 

DCOl-7 

-8 

-9 

-22 

-23 

-24 

-25 

-26 

-27 

-28 

-29 

-30 

-31 

-32 

-33 

-34 

-35 

DCOMO 

-11 

-12 

DCOl-13 

-14 

-15 

DCOl-16 

-17 

-18 

DCOl-19 

-20 

-21 


218 -67 


297 75 


505 450 


387 

56.1 

41 

5.9 

417 

60.5 

37 

5.4 

411 

59.6 

36 

5.2 

405 

58.7 

38 

5.5 

510 

74.0 

*50 

*7.3 

505 

73.2 

*56 

*8.1 

543 

519 

78.7 

75.3 

*53 

53 

*7.7 
7.7 . 

423 

61.3 

*47 

*6.8 

299 

43.4 

*39 

*5.7 

441 

63.9 

*54 

*7.9 

478 

69.3 

— 

— 

525 

76.2 

— 


478 

69.4 

— 

““ 

437 

63.4 

— 

— 

463 

67.1 

— 


496 

71.9 

— 


496 

71.9 


““ 

485 

70.3 

— 


478 

69.3 

— 


560 

81.2 

— 


432 

62.7 

— 


512 

74.3 

— 


543 

78.8 

— 


449 
: 470 

65.1 

68.2 




533 


561 


589 


616 


500 


550 


600 


650 


398 
410 
385 
avg 398 

257 
301 
463 
avg 340 

352 
432 
409 
avg 398 

305 
330 
345 
avg 327 


57.7 

59.5 
55.9 

57.7 

37.5 

43.7 

67.2 
49.4 

51.1 

62.6 

59.3 

57.7 

44.3 
47.9 
50.0 

47.4 


*41 

*44 

*46 

44 


6.4 


* Strain gage measurement 
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TobU 7-14. Botvlln* Notched Tonsil* ProfMrti** of [0®]* G/PI 


Sp«€}ni«n 

Number 


DU02-1 

-2 

-3 

DU02-4 

-5 

-6 


DU02-7 

-8 

-9 

-22 

-23 

-24 

-25 

-26 

-27 

-28 

-29 

-30 

-31 

-32 

-33 

-34 

-35 


DU02-10 

-11 

-12 


DU02-13 

-14 

-15 


DU02-16 

-17 

-18 


DU02-19 

-20 

-21 


T«mp#roture 
K (OF) 

Notched TenstU Strength 
MN/m* (kfi) 

(a) 

218 

-67 

1180 

171 



820 

119 



972 

141 


— 

avg 991 

144 

297 

75 

1310 

190 



1140 

166 



1320 

192 



avg 1260 

183 

505 

450 

1230 

178 



1160 

169 



1340 

195 



986 

143 



1250 

181 



1040 

151 



1110 

161 



1130 

164 



1060 

154 



1080 

157 



1120 

163 



1210 

175 



1240 

180 



1190 

173 



1140 

166 



1070 

155 



1050 

152 



avg 1140 

166 

533 

500 

1240 

180 



1240 

180 



1140 

166 



avg 1210 

175 

561 

550 

1040 

151 



1120 

162 



1280 

186 



avg 1150 

166 

589 

600 

979 

142 



1060 

154 



1030 

150 



avg 1020 

149 

616 

650 

1130 

164 



1140 

166 



1050 

153 



avg 1110 

161 


® Nec section strength, Le.. based on total width less hole diameter. 
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Tobl« 7-15. Bo««lifi« Notc h e d Tonsil# Prop«rtl«t of [0^ ± 45^], G/FI 


Spocimon 

Numbor 

Tomporohiro 
K («f) 

^ tl— 

MN/m> 

(•) 

Sifoofth 

(kfi) 

DC02-1 

218 -67 

328 

47.5 

-2 


288 

41.8 

-3 


339 

49.1 



avg 318 

46.1 

DC02-4 

297 75 

367 

53.3 

-5 


332 

48.2 

-6 

- 

372 

54.0 



avg 357 

51.8 

DC02-7 

505 450 

343 

49.7 

•8 


352 

51.0 

•9 


330 

47.8 

-22 


334 

48.4 

-23 


350 

50.8 

-24 


350 

50.7 

-25 


301 

43.7 

-26 


332 

48.2 

-27 


386 

56.0 

-28 


354 

51.4 

-29 


305 

44.2 

-30 


373 

54.1 

-31 


333 

48.3 

-32 


363 

52.7 

-33 


303 

43.9 

-34 


292 

42.4 

-35 


314 

45.5 



avg 336 

48.8 

DC02-10 

533 500 

361 

52.3 

-11 


386 

56.0 

-12 


308 

44.7 



avg 352 

51.0 

DC02-13 

561 550 

250 

36.3 

-14 


355 

51.5 

-15 


339 

49.2 



avg 315 

45.7 

DC02-16 

589 600 

242 

35.1 

-17 


232 

33.6 

-18 


^2 

39.4 



avg 249 

36.1 

DC02-19 

616 650 

221 

32.0 

-20 


262 

38.0 

-21 


270 

39.2 



avg 251 

36.4 

a Net section strength, i.e.. 

based on total width less hole diameter. 
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►. lia#cli#d T««sa« Prop«iii«* «l l®®lia T#»t«d In th# Tr*ntv«rs« Direction 


SpccifiMfi 

Nvmb#r 


T«mp«raHir9 
1C - (^ 


T^fitlki Sfyn g t ti AMulwt 

«IW/m2 (k*i) CK/m^ {9M) 


TDUOM 297 75 

2 
3 
-4 
•5 

TDUOl 7 505 450 

-9 

-10 

-11 

-12 


21 

3.0 

5.2 

0.75 

31 

4.5 

6.3 

.91 

21 

3.1 

4.8 

.69 

23 

3.4 

5.2 

.76 

20 

2.9 

' 4.8 

.69 

25 

24 

3.6 

3.4 

4.8 

5.2 

.69 

.75 


<al 

— 

— 

22 

3.2 

— 

— 

<a) 

(al 

— 

— 

21 

3.1 

— 

— 

28 

4.0 

— 

— 

19 

2.8 

— 

— 

22 

3.3 




a Failed in handling 


T«bW 7-17, ■ofBw Pptei««‘f I«tlo 0«l« Iw T«mio«i of C/W 





Teat 




Specimen 

Number 

lemiwefe 

OrienteMofi 

Test 

Direction 

Temperoture 

K («F) 


Petsion*s 

iotio 

DUOl-7 

-8 

-9 

lO'fe 

Longitudinal 

505 

450 


0.38 

.35 






.45 





avg 

.39 

DU0M3 

-14 

-15 

10*16 

Longitudinal 

561 

550 


.50 

.45 

.44 





avg 

.46 

DCOl-4 

-5 

A 

10" ± 45*1, 

Longitudinal 

297 

75 


.71 

.65 

.64 

•0 





avg 

.67 


Poisson s ratio testing was conducted- Results are Usted m Tables 7-12 through --1 - A tv^cal 
iMd-strain diagram from one of the strain gaged Poisson s ratio specimens is shown in Figure 
“5 The longiSinal unnotched and notched daU are plotted as a ftinction of tem^rature in 
Fi^reTlS and 7-17. A summary of all the G/PI tensUe properties is presented in Table 1 -I 8 . 








TEMPERATURE |"F) 



693217-33 


Modulus values were determined at four temperatures for tbe spedmens twted m the 
direction. A mechanical extensometer was used for tbe 218 K ( — 67 • F) twts while 
strain sages were used at room temperature and the two elevated temperatures. Poisson s 
ratio values were also determined for some of these specimens. For the material tested m the 
transverse direction, modulus values were obtained at room temperature only. A mechamcal 
extensoin6t£r was used for these tests. 


The temperature dependence of the G/PI tensile strength is shovm in Figures 7-16 and 7-17. At 
the muTimiinn test temperature. 616 K (650® F). the unidirectional unnotch^ and notchra 
specimens had lost approximately 10% of the room temperature strength. 1^ for the 
crossplied specimens was somewhat higher, 37% for the unnotchrf and 30% for the notched 
specimens. Because of the limited amount of tests and the scatter in the data, the temperature 
aHvluch the tensile strength begins to decrease is difficult to determine {H-ecisely. The curves 
indicate this decrease to occur between 561 K (550® F) and 616 K (650® F). Some d^ase m 
strength was also observed at 218 K ( -67 ® F) but the effect was generally less than tlmt found 
for the G/E system. The spread in the G/PI tensile data as shown by the scatter bands in 
Figures 7-16 and 7-17 was similar to that observed for G/E. The tensile modulus for the 
uiddirectional material was not lowered by increasing temperatures out to the mMimuin test 
temperature of 561 K (550® F). The crossplied material did show a decrease m modulus, 
howe^. of about 15% at 561 K (550® F) and nearly 30% at 218 K (-67® F). 
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A comDarison of the ratio of the notched to unnotched tensfle stiengA of G/PI at 
^t tm^tures has been made in Table 7-19. The results are very sunihu- to t^ found for 

£ G/E*^stem. For the unidirectional materW the eff«^ of * 

avoont At K (—67® F). The crosspUed materiaL on the other hand, exp«ieiiced 


T«bl*7-H. Rotio of Notched lo UiMO«d««d TMHito StrMgtfi of Om at Vwiow T,mpei««ifrM 


Twnperotwra 

K 

ItaNo of Notdw4 to Umwlckod Strioglfi 
[••u l««±45»]. 

218 

-67 

0.8 

0.8 

297 

75 

1.1 

.7 

505 

450 

.9 

.7 

533 

500 

1.0 

.9 

561 

550 

.9 

.9 

589 

600 

.9 

.6 

616 

650 

1.0 

.8 


Tninsverse tensik daU are presented ia Table 7-16 for room and ^ted t^peratu^. 
Strength values were considerably lower than those presented earlier for ^ GIE system but 

JSeAwt 50% hidber than values reported by others Iref. 21). The modulus jwhies, however. 

^ than those in reference 21. No significant effect of temp«- 

t^Mterial is shown by the two accidental spec™ failures that 

occurred when installi^ the ^lecimens in the tensik HMchine grips. Only slight flexing of the 

specimens wOl result in fractme. 

Poisson’s ratio values. Tabk 7-17. for unidirectional G/PI were somewhat 
obt^ for G/E. An increase in value with increase in temperalw w also ^ 

to the B/E and G/E data, the roimi temperatme Poisson s ratio for crossplied material 

wfts also <)uite larga. 

T 1 s* ■a-««/Ak,nilaoiii Svsiein. The baseline tensik test plan for the B/Al^stem as originally 

ilt^^ K (-67« F) and 297 K (75- F) as^ for the resm mato 
proposed iwaim .-QQK(800*F).The700K(800*F)tempCTaturewasconsid- 

56* ■* 

i»mf>erature fw verv long time applications. Fatigue tests conducted on thM pn^am {a^ Sec- 
tion*^ however revealed the existence of a severe surface degradation effert du^ 

at 561 K (550» F) in an air environmenL The effect was not observed at 505 K 
3^^ of thS ^ .urt«e dograa-tion the flight »h— 

«w 561 K <550» F). was lowered to 505 K |450» F). At the time of this deasion all 

for the unnotched (0® ± 45®1, crosspUed material A 
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..■■p ^.mdeto incl»(te ^ M 

SSssss—rSS&sa'S^iS 

!s:^'^^iSiSSX:S£!^ 

properties is_presen^ m Table 7 26. 

^ ^ rnoi, n/Al 


SpKimMi 

Numb«r 

Tanipero**'* 

K W 

MN/m> 

(kaO 

EUOll 

218 

-67 

1640 

1620 

238 

235 

•2 



1580 

229 

-3 



1540 

223 

•4 



1610 

234 

-5 



avg 1600 

232 

EUOl-6 

561 

550 

1200 

1360 

174 

197 

-7 



1200 

174 

-8 



1430 

207 

-9 



avg 1300 

188 

EUOl-10 

700 

800 

1360 

1150 

198 

167 

-11 



1380 

200 

-12 



1320 

192 

-13 



avg 1300 

189 


TanslW Mo*i*w» 
OM/m> (**^ 


178 

25.8 

197 

28.6 

172 

25.0 

166 

24.1 

157 

22.8 

174 

25.3 

•199 

•28.9 

•212 

•30.7 

•207 

•30.0 

■Me” 

Mis’ 

•192 

•27.8 

•194 

•28.2 

•214 

•31.0 

200" 

29!o’ 



Sng a mechanical extensometer. 
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Tobi* 7-H. ProjMKtl.* ol [0* ± 45»], i/Al 


T nyrcM f 

K W 


ECOM 

-2 

•3 

-4 

-5 


ECOl-6 

.7 

-8 

-9 

•10 

•11 

•12 

•13 

•14 

•15 


218 -67 


297 75 


EC0116 

•17 

*18 

•28 

•29 

•30 

-31 


505 450 


ECOl-19 

•20 

-21 

-32 

-33 

•34 

-35 


561 WO 


ECOl-22 616 

-23 
-24 


ECOl-25 700 

-26 
-27 


im/nA (li*0 


499 

72,4 

550 

79.8 

525 

76,1 

554 

80.4 

511 

74.1 

avg 528 

76.6 

487 

70.7 

545 

79.1 

482 

69.9 

458 

66.4 

552 

80.0 

565 

82.0 

549 

79.6 

459 

66.5 

545 

79.1 

514 

74.5 

avg 516 

UA 

459 

66.6 

447 

64.9 

468 

67.9 

454 

65.9 

457 

66.3 

471 

68.3 

410 

59.5 

avg 452 

65.6 

450 

65.2 

365 

53.0 

416 

60.3 

450 

65.3 

474 

68.8 

455 

66.0 

464 

67.3 

avg 439 

63.7 

423 

61.3 

397 

57.6 

>199 

72.4 

avg 440 

63.8 

467 

67.7 

338 

49.0 

335 

48.6 

avg 380 

55.1 


T«iwlU ModvWt 


— 

— 

155 

22.5 

158 

22.9 

160 


140 

20.3 

167 

24.2 

163 

23.7 

169 

24J 

154 

22.4 

141 

20.4 

139 

20.1 

155 

22.4 

no4 

•15.1 

142 

20.6 

100 

14.5 

136 

19.8 

126 

18.3 

116 

16.9 

124 

18.0 

121 

17.6 

«103 

•15.0 

123 

17.9 

102 

14.8 

120 

17.4 

128 

18.5 

103 

15.0 

108 

15.6 

112 

16.3 

*108 

•15.6 

— 

— 



n[08 

Ts!6 

•93.1 

•13.5 

— 

— 

— 

— 

93.1 

13.5 


a Strain gage measxiremert 





TaU* 7-M. ■omUii* MotchaJ Taiwll* Prop*rt<»» of [•«]* i/AI 


Sf#dm#fi 

Humb«r 


Eao2-i 

-2 

-3 

_ ^ -L 

-5 

EU02-6 

-7 

-8 

-9 

EU02-10 

-11 

-12 

-13 


K 


?loK h <d T wl1 » Str«Pfth 

MN/m> 

W 


218 


-67 


561 


700 


550 


800 



avg 


1050 


— — 1 * Kased on^otal width less hrfe diameter. 

Net secUon strength, ue., oasea on ww 


174 

175 
180 
178 

176 

177 

173 

164 

165 
164 

166 

143 

159 

157 

150 

152 


TabU7-23. ioMltit* 

SpwcinMn 

Tamparotwra 

K W 

IMdM4T«Mil*Strwi«A 

MN/in> 

Nwmbw 

(•) 


EC02-1 

218 

486 

492 

70.5 

71.3 

-2 


460 

66.7 

-3 


442 

64.1 

-4 


495 

71.8 

-5 


avg 475 

68.9 

EC02-6 

297 75 

470 

465 

68.1 

67.4 

-7 


470 

68.1 

-8 


467 

67.7 

-9 


455 

66.0 

-10 


496 

72.0 

-11 


485 

70.4 

-12 
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ToM* 7-23. 

••••liiM Matched Taaslla Peofsiftes al [#• ± d*"lt h/AI 

— Cofidv4«4 

Sydwfn 

Number 

K W 

Metched TaasMa StranaHi 
MN/ni> P^) 

(•) 




490 

71.0 

-13 



495 

71J 

•14 



501 

72.7 

•15 



avg 479 

69.5 

EC02-16 

— 561 

- 550 

434 

433 

- 62.9 
62.8 

-17 



423 

61.4 

•18 



461 

66.9 

•19 



454 

65.9 

•20 



439 

63.7 

-21 



421 

61.1 

-22 



451 

65.1 

•23 



455 

66.0 

•24 



462 

67.0 

-25 



avg 443 

64^' 

EC02-26 

700 

800 

361 

361 

52.3 

52.4 

-27 



363 

52.6 

-28 



377 

54.7 

-29 



341 

49.5 

-30 



361 

52.3 

-31 



378 

54.8 

-32 



371 

53.8 

-33 



363 

52.7 

-34 



351 

50.9 

-35 



avg 363 

52.6 


» Net section strengtB. te. 


; bued onlotal width less hole diKneter. 


7-M 




S yci wi wi 

mnJbrnr 


TEUOM 

-2 

-3 

*4 

-5 

-6 

TEUOl-7 

•8 

-9 

-10 

-11 

-12 


K ("») 


Tiw<» 

MN/M* (M) 


Tamil* Modulus 
OH/m* (•«) 


297 


75 


EUOl-6 

-7 

-8 

EUOl-10 

•11 

-12 


700 


800 


94.5 
122 

51.0 
74^ 
57.9 

76.5 
■vg 79.4 

44.1 

31.7 

38.6 

29.0 

35.8 

33.1 
•vg 35.4 


13.7 

17.7 

7.4 
lOJ 

8.4 
11.1 
11.5 

6.4 

4.6 

5.6 

4.2 

5.2 
4J 
5.1 


48.3 

67.6 

133. 

121 

105 

140 

102 


7.0 

9.8 

19.3 

17.6 

15.2 

20.3 
14.9 


T«bl* 7 - 35 - 


Poiuo«’stMiolMa hiT«mtoN ol §/Al 



I0*l6 




Lon^tudinal 561 550 


Loogitudind 700 800 


•vg 


.33 

.32 

.30 

.39 


avg *34 
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LOAD OiNI 



ngwr* 7-1t TwMii* lead-Sti<^ Otasram for t/AI at Ml K {SS«» F) 


TaKRATURE(*F) 

■too 0 100 an 3 M 4 M soo Op 7 M an 



l/AI 










TEMPCBATURE «®F) 

-«n -MM 300 «0 500 600 700 SCO 


■g 1500 



160 m 
SS 


^ 50( 


■■ 


no 2M m 350 400 4S0 500 550 600 850 700 

TeliPEIIATURE (K) <83317-36 

F<9ur« 7-aO No«di«d T«n*ll* Pf«p*rtl«t •! B/Al 

The effect of amperature <» the straw* of WAli.8l»OTmFipu:^^ 

orientotions and cn^pS^niaterial, both unnotched and notched, than 

matrix systems. 

No decrease in V%cJsl 

““* ’«> K eppr^soealy 

The atios of the --bed * t^Oe^ 

severe! ttmperatures ^ .ere oot greatly affected by the 

approximately 20% when tested in the notched configuration. 




7 40 


7»27* R0tio ^ 


T««IU Slr.^ ^ 


T«fiip«cQtur9 

K (-n 


218 

297 

561 

700 


-67 

75 

550 

800 


[••I* 


«| M«ldi«6 •• Ui»ioleli*6 SNwit* 
lf»±4S«l, 


0.8 

• J 

.9 

.8 


0.9 

J 

IX) 

1.0 




T,..a. d.u for uoidi^cHon- 
nKSSoied at room ten^pwature. 

7 J SHEAH TiSTING 
T« „U«d. Jf ohoor ^ 

aystenuu For the ream mateu^tenri^^ 

faterfiber shear and a 8^ 

For B/Al the torsion ti*e^e<^“dad^^ ^ 

used. Spedinens^^t proc^^ rectamrular in£^« shear specimens. The short beam 

in.) long by 0.024 m (1 of B/Al tape oriented arith the boron Blasts m 

The fittings were diffusion bonded to the tube m tlus 

the long^ds direction of the tubeStort^ cylindrical male fixtures that were 

e»d. rrith 0.(X)«4 » »J!5 W «ed I»to A 3ta^ 

B/Al t”be is shown in Figure 7-21. 

1 krum in Fiffure 7-21 was similar to the B/Al tube except 
The G/E torrion ?^^^£^,J^nwn??ISe 0.0^ m (3.5 in.) in length ai^ Imd st^ 
for the length and e^ fitd^^^*^ fabrication and cutting to the correct lengths. To 
fittings *dhf»^y Oo^prevent buckling during test) it was necessary 


^ — 
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ao?5m 




OETAIt: 0 aool m <a040 in.) THICKMESS (• PtY) A4/3MI 6/E TIME 

0.0032 ■ ll/a inj WALL STEEL TUBE 

0 O.OOIS«(l/ISia) WALL SPLIT STEEICOLLAH 







FAED-12C-12^ 
G/E - FAED-12C-12-SO 


b. 


Cura Cycle* 

Test Temperature 
297 K »75« FI 

394 K (250« F> 

450 K (350* F) 
505 K 1450- F) 


Cura Cycles 

2hours*t394 K(250«FJ 
2 hours »t 394 K (250- FI- 

1.5 hours at 450 K <350 F) 
1 hour at 505 K (450* F) 


SiSSIo-n 1 hour at 505 K (460- r, 

Apphcation techniques were the 

jile modulus spedmens. ,n MTS Closed-Loop Tension- 

, K (± 5 r) auruMs ^ ^ ^ by using the 


with a 
to ± 3 


^i^the shok tinw period r«puraa . or ^ 

W I-UJIII teatda** ,nd tube dimenrioM 

2 T Do 


T 

T 

Do 

t 


»tlDo-t)3 

ultimate shear strength, N/m2 (Ib/m*! 
Maximum torque, Nm (in-lb) 

. Outside diameter of tube, m (in.) 

. w^all thickness of tube, m (in.) 


4 

■■* 

1 

1 

i 
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TORQUE 



Fi««r* 7-M Typk«l T®«)u*-TwJ.t C«rv« lor Tor*lo- To»t of UoMrocMoool C/i Tufco Spodmoo iOO*-13 



STRESS, IN Ikw) 



STRAIIMN MILMNPER IN 
TORQUE TEST GR/E TUBE M3 JOB 102 


6S3217.39 

for Tonlon To*l of UnWIroctiofiol C/i Twbo. Sfodmoo BU04*13 


Fi 9 uro 7-23 Typkol Sfro*»-Btr«iii Curvo 
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Fl 9 ur« 7-24 T»«t Apporofuc for Tortlofi Totting of Unl^i 






Th. n-a«h.,. G. ... d.«nmn«l from fh. .tm...tr.in - t«»o«= 


G = 


fl-f-Z 


7 - 23 ). 

^ f.. Of .Horn .p«|;- 

Pimra 7-27 The slots were cut in the spf«‘”?" ^ . filaments oriented m the long direc- 


ORIGIN’al pagp to 

QVAU^" 
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ITS^ J'^iTIsM" “f in a Conrad-Mbaimer Chamber. TU 700 K 

ISSn^LSSS^rhrlhermocouple chpp«l to the aurf^ o« th. apeetmen. Tempmntur. was 
maintained at the desired level for 10 minutes prior to loading. 

7.2.J TIST tiSUlTS AND DISCUSSION 


7-4i 



b«ttr define the sh^ 

„K«l«h.» dnu f« 0.E «_^n^ m T^]“ 



the strength leveled off at 3W K |2W n percentage change in modulus was, however. 

. . . 4 — n.»- for the two tyoes of sheer specimen used in testing of 

7,2,2 J Strain measurements for determination of shear 

B/Al are listed m Tables 7 29 A typical toeque^train diagram is shown m Figure 

modulus were made only on the jhwtf^ti at the four temperatures shown 

7.29. Th. initin. ttnt P>^'“ “ mTk (5S0- dinc«««d 

in Tabte 7-30 and to conduct the t«Jet«te^ considered to be the maximum use 

in the w'lonltiir^aWlic**^ Because of a surface d^dation of the 

U ..4 A chnn.. n-d. u. condnc. 

there tests at the lower temperature. 505 K (450 F). 



TORQUE (in-lb) 








TobU 7-». rropmttiM 


of •/ Al Uwiii rTtlo iwi TokM 


Spaclmen 

Numbw 

Temperature 

K ("f) 

SiMor SirMfifc 
MN/m* (W) 

EU06-1 

297 

75 


61 

90 

as 

13i> 

-2 




66 

9.5 

-3 




61 

as 

-4 




63 

9.1 

-5 




61 

8.8 

-6 



avg 

67 

9.7 

EU06-7 

505 

450 


82 

64 

113 

93 

-8 




70 

10.1 

-9 




65 

9.4 

-10 




77 

11.1 

-11 




574 

^10.8 

-12 



avg 

72 

10.4 


ShovMoAilM 

GN/m? (*W) 


5.0 

7S 

la) 

(a) 

4.3 

6.2 

4.5 

6.5 

4.6 

a? 

4.2 

ai 

4.5 

6.6 

4.1 

5.9 

3.2 

4.6 

3.6 

5.2 

2.8 

4.1 

5.2 

7.5 

4.5 

6.4 

3.9 

5.6 



The shear strength ofB/Al as determined ta 

^^g’the teVrature s^cimen tests. Table 7-30, a 

shearmodulns. however^! approxuMtety^ temperatures. At rwm 

decrease in shear strength^ 30 to l,nrinate specimen configuration 

temperature higher shear strengto . mesumably the two measure the same i»oper- 

JS^th the tubular material, which could a^ 

ty. The two groups of «aaon for the lower values obtained ^ tote 

for some of the difference cracks on the outside surface of 

tests was the presence of ahaDow and did not extend beyond the first 

tubes. These cracks, shown tte inner plies o^ 

ply. Whether or not other cracks the individual values of shear str^h 

Si h. deurmlned. Tl^ *“ 

S. tubM may hava W '^“'‘l^X'^SaSalthat.aB.teaUm.W 
bdiaved that *e «* ah^^^^ detarmtaad by dJ- 

One ot the tube apedmena. Y^* °? 

of twist, 100®. At this ^int 7.29 jg slightly low. The unfailed, but tratei s]^i- 

direction of the tube. 
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7*30. Bos#liiw StfviiyHi of [0®J^ 3/AJ Loininotoo 


Number 

Tamparatur* 
K (OF) 

Shear Strongth 
MN/m3 (ksO 

•- - - 

EU06-13 

218 

-67 

90 

13.1 


-14 



100 

14.5 


-15 



91 

13.2 


-16 



100 

14.5 


-17 



93 

13.5 





avg 95 

13.8 


EU06-18 

297 

75 

97 

14.0 


-19 



100 

14.5 


-20 


- 

94 

13.6 


-21 



94 

13.7 


-22 



81 

11.8 





avg 93 

13.5 


EU06-23 

561 

550 

61 

8.9 


-24 



52 

7.5 


-25 



54 

7.8 


-26 



62 

9.0 


-27 




7.2 




- 

avg 56 

8.1 


EU06-28 

700 

800 

66 

9.5 


-29 



64 

9.5 


-30 



66 

9.6 


-31 

- 


63 

9.1 


-32 



(a) 

(a) 





65 

9.4 


Specimen improperly macbined 







Data from one of the laminate spedmens, EU 06 - 32 . was not i^xwted because of improper 
machining. The slot on one side of the specimen was not sufficiently deep and several con- 
tinuous boron filaments remained across the test section. With this configuration a shear 
failure was not possible thus invalidating the test. 

One interesting point in comparing the B/Al data with that for the resin matrix materials is the 
striking difference in values of shear modulus. Values for the metal matrix material are almost 
an order of magnitude higher than those obtained for the resin matrix systems. Shear strength 
values (at room temperature), on the other hand, differ by no more than 30 %. Similar results 
are obtained when comparing transverse tensile date (modulus and strength) of metal and 
resin matrix systems. 
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, 7.» $1— l-a-S*"- “-i— •” 



7J0 ./« t.4. 






7.2.2J Graphito/Polyiiiild* System. Because sufficient HT-S/710 i«wni JL_ . 

not possible to fabricate the tube spedmens necessaiyto ** 

However, some shear data, for the aame^Tom n “• *•“*- t®»ts. 

foi^ at General Dynamics Convair during lOTa’lw’iSL**!!? ^ 

published data from W.G. Scheckl. The ^ 

fabnea^ ^<^es described in Section 5 for 

cyde given m Section 5 for the HT-S/710 G/PI tImi ■utodave core 

0.025 m (1 in.) ouuvde diameter with a nominal well 
t«auu,«. «« dmOa, u. the derib«i .bov, for 

The data of Table 7-31 show a decrease in shear strength of G/PI of ^ 

tempera^ ^ue for spedmens tested at 

modulus, on the other hand. decrMUM ^ ana om li (eoo* F). The 

(-320" F) to 689 KMO^n 

7.3 FtACniK TESTING 

The effects of stress risers (cutouts, cracks, danuum zones, meteri.1 i.-. 

cmpo.it. moteril, ho. boon the mbjoct of olSr 


7-S4 


T«bU 


7.S1 . Iirt**«b«r Sli*w •» C/« Ui»«c«tkM*ol T«b« 


Nu m brr 


T «i r> f« f o t vif 

K W 


SlM«r SlMAfltl 
MN/i«3 (!»••) 


SlM«r Modwhw 
GN/M<> (•••*) 


TV\ 

77 

-320 


52 

44 

7,6 

6,4 

6.8 

7.2 

0.98 

1.04 

A-3 




50 

7.3 

7.2 

1.05 

A-4 



avg 

49 

7.1 

7.1 

1.02 



75 


87 

12,6 

- 5.8 

.84 

TU-I 

29 f 

4 M 


68 

9,9 

6.6 

,96 

TU-6 

TU-6 



avg 

-57 

71 

S.J' 

10.2 

6.1 

6.2 

.89 

.90 

TU-T 

589 

600 


49 

49 

7.1 

7.1 

7.2 

4.8 

1.04 

.69 

A-5 



avg 

49 

7,1 

6.0 

.86 


tain* »n(ht to 

ing the degradation of t^pon ^ ^ indication of strength degrada- 

^wth rate (le.. d*dn) « JT;*^ «* observed in composites. 

The objective of this stu^ 

ing displaceiiwnt. COD> ww to ^ fracturemechanks theories can then be appUed to 

>«****"« - •”* characteristics. 

to determine h^uf* i««su^^ 0.064 m (2.5 in.) by 0.30 m (12 in.) were 

For each material »“ ^ j w ,!!!!^!^i^as shown in Table 7*33. Specimen configuration is 
fabricated and identified by dash numbers as shown in laoi i— 

shoam in Figure 7-32. 
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YaW* 7-®2- Comfo«lt« M«t«riol» Slvdl«d 


Motwlol 

layup 

PumI Thkkaau 
m *"• 

ID 

•WwIWf saw 

B/E 

G/E 

G/PI 

B/Al 

10- ± 45*1, 

10* ± 45*1, 

[O* ± 45*1, 
|0* ± 45*1, 

0.00076 

.00076 

.00076 

.00107 

0.030 

.030 

.030 

.042 

AC05 

BCOS 

DCOS 

EC05 


B/E 

G/E 

G/PI 

B/Al 


jaU« 7-33- kJ*ntHk*tlon 



AC05-1. AC05-2. AC05-3. AC05-4. AC05-5. AC05^ 
BC05-1. BC05-2. BC05-3. BC05-4. BC05-5. BC05-6 
DCOS-l. DC05-2, DC05-3. DC05-I. DC«M. DC05< 
EC05-i. EC05-2. EC05-3. EC05-4. EC05-5. EC06-6 



Initial flaws were ™ *0.026 in.), from each 

of the specimen and then of a flaw made in this manner in B/E is 

side of 5* hole by progressively increased 

shown in Figure 7-M. ^ *^‘^„^^n»menUtion. This was done by hand with a 

during testing without losmg ^ AU flaw lengths at the beginning of each 

0.00013 m 10.005 in.) diametw ^'"O'ld coated wire, au 

test sequence are shown in Table 7-J4. 


Figwra 7-33 bia ol Slot hi SpMbiMN ACOft-1 S h owtef Crack 


7 3 J TBT PtOCBHWE. HESUiTS AND DISCUSSION. The test plan is sammariz^ in Table 7-35. 
TTie nrocedure for -1 aikl -2 tests was to try to initiate crack growth, eithor visual or effe^vc 
by progressively increasing sUtic loads and then applyi^^clic fatigue loads to 
extendSe^ffecSro^ length. Clip gages were u^ to mom^TOD. “ 

P/COD, was considered to represent an increase in effective crack length. These 

spedmens wouW then be statk pulled to determine their residual strengths. 


Tabb 7-36 shows results of compliance testing of -1 and -2 specimens. The systeirmtic 

/lamag o growth aod corresponding change in sk^ of the compliance curve ^ ncA occur. Omy 
i^^ dunage growth was observed, and this was mostbr in the form of cracks pa^el to 
surface fibers. More recent experiments suggest that synergistic effects of moisture and cyclic 
rate play a large role in damage growth in composites. The failed specimens are shown m 
Figures 7-34 and 7-35. 


The purpose of the -3 specimens was to determine load versus COD for progressively inireased 
crack Clip gages were used to measure COD and flaws (slits) were lengthened m small 

increments by hand sawing with a diamond coated wire. For each flaw length the si^imen was 
slowly cycled, three times, up to a maximum load of 1000 pounds. Test results for the four 
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specimeiis are shown in Figures 7-36, 7-37. 7-38. and 7-39. Load divide by COD versus tow 
l«^h was then plotted for each material m shown m Figure 7-40. ^ four 
an exponential decaying type of curve with the data pomts of the G/E ^/PI spwunens 
lying on the same curve. The consistent shape of these curvw warrants further mvesti^tion 
of a Load/COD = fatigue model The failed specimens are shown m Figure 7-41. 

The -4 soecimens were fatigue tested with the 0.0047 m (0.185 in.) diameter hole o^y. No 
were ap^COD was me^ after cycle numbers 1. 2. 19. 100, 1000. 10.000 and 2.500.000. 
Specimens v?ere then static puUed to determine residual strengths. 

Fatigue test results are shown in Table 7-37. There was no fatigue crack 
any of the four specimens. When these specimens were static pulled for residuid strength, only 
one. AC05-4. failed at the 0.0047 m (0.185 in.) diameter hole. The other thrw failed m or near 
the grips. The failed specimens are shown in Figure 7-42. 

The obiective of -5 and -6 specimen tests was to determine static strengths at two dif^nt 
flaw lengths. The-5*s had 0.0286 m (1.125 in.) flaws and the -6’s had 0.00349 m (1.375 m.) flaws. 
All were simply pulled to static failure. 

Results of static strength tests are shown in Table 7-38. 

Figures 7-43 and 7-44. Results of all residual strength tests are shown m TaWe 7-39. The effect 
of flaw length on gross area static failure stress is plotted in Figure 7-45. 

Values for the apparent stress intensity factor. Kq, were calculated for each notched specimen 

that was pulled to failure. The following equatmn from reference 27 was used. 

^ / 2b . »a 
Via tan 


where Ko = apparent stress intensity factor, MN/m^ >/m (ksi >/ih.) 

a => gross stress. MN/m2 (ksi) 

2a — crack length, m (in.) 

2b * specimen width, m (in.) 

Figure 7-46 shows the variation of Kq with crack length for both fatigued and nonfatigued 
specimens. 

Four composite laminates were studied to deter^ their flaw growth and fract^ behavior. 
All testa were run at room temperature and moisture was not controlled. All fatigue cycling 
was at R » 0.1 and 30 Hz. Based on the test program and data reduction presented above, the 

following conclusions are drawn: 

1 Under these test conditions, cracks (or effective cracks) in crosspUed composite laminates 
grow only when appUed cycUc loads are very near the breaking strength. 
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Tobl* 7-39. Rciulta of RotMuol Strongth To«t» 


MATERIAL 

9ECIIIEN 

IDENTIFI- 

CATION 

INmAL 
FLAM SIZE 

NO. OF 
FATIGUE A 
COMFLIANCE 
CYCLES 

FINAL 
FLAW SIZE 
Zm 

m (in.) 

FAILURE 

LOAD 

MN(Klp) 

GROSS 

AREA 

STRESS 

WN/b^dai) 

NET 

AREA 

nRESS 

«0 

MN/«^v^(k«VM) 

B/E 

AC8S-1 

•2 

•3 

4 

M323(J7M 

J323U7M 

jmiim 

mnm 

MG33 

ItlGN 

37 

3111 131 

l.l33f(.K) 

4333(476) 

*4331(141) 

-M«7(.1l» 

UlIWUTE) 

I1I7(24M 

4M7(1JI) 

321(334) 

331(334) 

131(214) 

433(13.7) 

316(634) 

33W6I4) 

2t«41.7) 

417(17.7) 

114(417) 

434014) 

3640U) 

G/E 

ICOS-1 

z 

-3 

4 

4333(471) 

4333U7S) 

4M7f.1IS) 

JOBTMtO 

111 111 

111 117 
37 

3111 131 

.1331(43) 

.1361(41) 

*4331(141) 

4M7(.1IW 

.11773(1.737) 

41775(1.763) 

.4M6K141I) 

^4m3(243) 

1IK234) 

111(234) 

113(114) 

zmn,7) 

266(314) 

313(314} 

233(334) 

231011) 

31l(2f4) 

niQfM 

264014) 

6/FI 

OCOS-1 

•3 

•3 

4 

J332(J7f) 

4333(476) 

4047(.1IS) 

4G47(.tU) 

111 HI 
<3131 
37 

3111131 

■JMUMR 

■.S33I(IJ« 

41611(1461) 

*N7M(1.7« 

*4147(341) 

TudU) 

in<334) 

IIWIM) 

313(64.1) 

317014) 

316(664) 

331034} 

33K674) 

3U 234 
3S4 314 
217 211 

l/AI 

ECOG-1 

-3 

•3 

4 

4333(471) 

4333(471) 

4G47(,!M) 

4Q47(.1I6) 

3SMI4I 
711 131 

37 

3111 136 

MWJTII 

sHK-im 

4176(346) 

41130436) 

..nmzm 

*4316(646) 

251074) 

231044) 

mVA) 

311(11.7) 

311(17.7) 

261014) 

3IK674) 

423014) 

114 416 
474 424 


^ txMiM M lki« iMt* ky M «Misnd mod win. 

^FaiM 4«Mf MiM cydiflf. 

^FaAmMtatllM k«t 4Mi^i at Hmt mb MtN. 

"Cficfc pmiM b mm, IOMSb (0.1 i»J *m km§lk. 
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^ fro“ fracture testa does not lie on a 

straight homontal line when ratted versus vtsueU crack length. The testing showed only 

evKtence of growth of eff»ctiv« crack length. This leads to the conclusion that 
the fincture mech^cs approach is not appropriate for characterizing crack growth in com- 
posito matei^. Delan^tions were not investigated, hence, no conclusions can be made 
regarding that type of flaw. 

3. Fatigue cycling showed no trend effects on stress intensity factors calculated from residual 
Strength tests when compared to results from uncycled static tests, 

4. Resets from the ‘* 3” specimens. Figure 7-40. indicate that the B/Al is more resistive to 

^ck opemng displacement than the B/E. The G/E and G/PI possess the same resistim^ 
to CTack opening displacement and are less resistant than the B/E. As the two granhite 
reinforc^ systems were the same, tl^ would indicate that the fibers dominate the fatigue 
mwhanisz^ Le.. whether the matrix is epoxy or polyimide is of less importance. The lanre 
diff^nce between the B/Al and B/E materials, on the other hand, indicates that for bormi 
reinforMd system the matrix, either a ductile metal or a brittle resin, plays a major role in 
the fatigue mechanism. ■' 

7.4 COMPRESSIVE TESTING 

Results of the ther^ aging and flight simulation tests indicated that matrix properties such 
^ompressiye and shear strength were affected to a greater degree than tensile strength, a 
fiber dominated property. For this reason it was decided to include a limited numter of 
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residual compressive tests in the 10,000 hour flight simulation test program. To check out the 
feasibility of determining compressive strraigth of a six ply laminate such as that used in the .. 
flight simulation exposures, a Kiies of baseline compressive tests were conducted on 
laminated B/E, G/E, and G/PI specimens. No baseline B/Al compressive tests were made. 

7.4.1 SPECIMEN DESIGN AND TEST PROCEDURE. At the time that the con^>ressive tests were per- 
formed, an ASTM standard test method, D3410-75, had been prepared for determination of 
compressive properties of oriented fibs' composites. The specimen configuration, test fixture, 
and procedure used in the baseline tests were those called oat in this ASTM Specification. 
Figure 7-47 shows the test specimen and test fixture. To obtain the required specimen thick- 
ness of 0.0015 m (0.060 in.) to 0.003 m (0.120 in.) it was necessary to bond together several 
pieces of the 6 ply laminates. For the B^ and G/E systems, four layers were used while for the 
somewhat thicker G/PI only three woe required. The procedure for fabrication of the 
specimens was: 

1. Cut three or four pieces of [0°± 45% composite approximately 0.038 m (1.5 in.) by 0.140 m 
(5.5 in.) with 0” plies in long directitHi. 


SPECIMEN FIXTURE 



DIMENSIONS 

Rl 

111. 

DIMENSIONS 

m 

in. 

A 

a003S9 

ai57 

0 

0.01270 

asoo 

B 

a00635 

a250 

E 

a00318 

ai25 

C 

a05715 

12S0 

F 

a0S350 

2.500 
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Figur* 7-47 Comprtstlon TMt Sp«cifn«n ond Fixture 
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2 . 

3. 

4. 

5. 


Heat at 394 K (250 °F) for 24 hours to remove any absorbed moisture. 

Bond pieces together with fiberglass doublers at each end using EA 9309 adhesive. 
Cut 0.0064 m (0.25 in.) wide specimens from the 18 or 24 ply laminates. 


Apply each specimen using the procedures described in Section 7 1 1 

Gages used were B/E, FAE-12-12-S3; G/E and G/PI, FAE-12-12-S0. 


6. Store in desiccator until tested. 


The comprMsive tests were conducted in an Instron testing machine using a fixture of the 

SJd r 7^7 The test ^tup is shown in Figure 7-48. After the specimen is 

1^^ mto the fixture, a slight prehiad is applied to exercise the gages and ensure^t the 
spe<^en is properly positioned. 1T*e specimen is then loaded incrementally to failure with 
rMorded automatically with the same eqm'pment that was used for the 
tensile teste The output was both a typewritten recording of load versus strain and a punched 
paper tape that rould be processed by a computer, programmed to produce a stress-stodn pl^ 
Compressive modulus values were determined from the stress-strain curves. 

7.4.2 TEST RESULTS AND DISCUSSION. Compressive strength and modulus data for the three 
^i^t™ syste^ are ^^n in Table 7-40. and typical load-strain curves for each system are 
shown m Figures 7-49 to 7-51. In agreement with results of others, the strength and modulus 
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TabI* 7-40. BoMlin* ComprMtiv* Prop»r«** «l Laminotad [0® ± 4*®], CmsplM Compotit* SyrtMiu at 
Room Tomporotwro 


Motorioi Spocimon ComprouWo Stioogth 

Sy«tom Numbor MN/m^ (lui) 


ComprMsivo Modwiu* 
GN/m3 (Msi) 

(•) (•) 


B/E 


G/E 


G/PI 


AC04-1 

1459 

211.6 

103 

14.9 

-2 

1665 

241.5 

101 

14.7 

-3 

1497 

217.1 

101 

14.7 


avg 1540 

223.4 

102 

14.8 

BC04-1 

571 

82.8 

47 

6.8 

•2 

570 

82.6 

43 

6.3 


avg 570 

82.7 

45 

G.6 

DC04-1 

382 

55.4 

46 

6.6 

-2 

363 

52.6 

48 

7.0 

-3 

386 

56.0 

44 

6.4 


avg 377 

54.7 

46 

6.7 


•Strain gage measurements 
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Figwro 7-4? Comprostivo Lood-Stroin Diagram lor [0® ± 45®]^, B/E at 2?7 K (75® F) 


7-SI 




02 




(wr) 




vahies of the boron reinforced system are 

The hiirher compressive properties of the WE over the G/E «nd G/PI De 

nntic i p etf^ from a comparison of the reinforcing fibws. The boron fibers to the 0 p^ tn 
SS2d SonTtheir enU^E^th in the loading direction, whereas the much 

that, are twisted into multi'fUament tows are. on a micro scale, generally alipi^ 

Both th. st^ 

systems are less than haU of the values for the boron system. 


7-aa 


SECTION 8 

THERMAL AGING 


To detenoine the effects of devated temperature e^wsure <m the stabflity of advanced compo- 
sites an extensive thermal aging study was conducted. It was thou^t that these data, 
together with the fatigue data also generated during the program, would be very valuable in 
understanding the results of the flight simulation e]q)osures. 

All of the wtmp rwitii matoials were thomally aged for 10,000 hours during Phase I of the con- 
tract. Add i tional e^qiosures, out to 50,000 hours, will be carried out during Phase 1 1 of the con- 
tract and will be described in a future i^ort At various times during the 10,000 hours, speci- 
mens were removed for examination and determination of residual toisile strength and, for 
B/AL also residual interfiber shear strength. Test specimens were taken fiem both unidirec- 
tional and [0‘ ± 45*], crossplied laminates. AH were 6 pfy in thickness. The aging 
temperatures were: epoxy, 394 K (250* F) and 450 K (350* F); polyimide505 K (450* F) and 561 
K (550* F); and B/AL 450 K (350* F), 561 K (550* FL and 700 K (800* F). The resin matrix com- 
posites were aged at ambioit pressure and at a r^ced pressure of 0.014 MN/m^ (2 psi) to 
irimiilutft high altitude flij^t conditions. The B/Al system was aged at ambient pressure only. 
A second oxygen pressure was setected for the thomal aging of the organic conq> 08 ite 8 
b ec ause, in geroraL the organics are oxidation prone. Previous work had shown a dirMt cor- 
relation of thermal aging arul oxygen pressure on residual strength of resin matrix composites 
(ref. 28). In actual use, a SCR veUcle would be at very high altitude during much of the time at 
which the structure has reached its nfMxiinum temperature. Thus, if oi^gen pressure is taken 
into account, the organic materials can likely be used at hi^iar tonperatures and for longer 
times. 

The following sectams describe the test procedures and equ4>ment for the thermal aging 
studies and present and discuss the experimental results. 

t.1 TEST EQUIPMENT AND TEST PtOCBXJRE 

The 700 K (800 * F) thermal age of B/Al was carried out in a smalL amunerdaL dectrical resist- 
afira oven. The built-m “on/off” ten^>erature controller was replaced Iqr a nx»e accurate con- 
troller. After modifying the control sj^tem, the entire oven was oidosed with coamic bricks 
to improve the tenqwrature stability over the 10.000-hoor aging period. Vifith this arrange- 
ment the temperature was hdd to 700 ± 6 K (800* ± 10* F). 

An other exposures were conducted in specially constructed aging furnaces similar to the 
ffkc tcl* in Figure 8-1. The heato' plates consist of insulated wire samhriched between two thin 
ahimiwHin phtes. Hie reduced pressure spedmens are enclosed in containers consisting of an 
ylnminiiin picture frame with vacuum fittings and thin aluminum cavers. The top cover is 
— W with a weld after the spedmens are in place. The top is cut off and rewelded periodically 
Airing the 50,000 hours to remove specimens for testing. This is less expensive and more 
rdiable tlian a gasket sealed container. The reduced pressure is obtained by a vacuum pump 
simultaneously p umping on one side of each container. Bleed air is valved into the other side of 


•-1 



t-2 



each to maintain 0.014 MN/m^ (2 psi). This assures a constant fresh supply of air to each con- 
tainer; All furnace temperatures were initially equilibrium controlled, Le., a constant amount of 
power was supplied to the heaters. The power equals that lost throu^ the insulation at equi- 
librium temperature. This method does not requ^ the use of expensive contrdlers, and temp- 
erature fluctuations are generally smaller than those achieved with active controls. There is 
also essentially zero probability of a malfunction allowing the specimens to overheat. How- 
evo*. there was a problem that developed on very warm days when the tenqmrature could rise 
subtly above the desired limits. To prevent this from happening while still retaining the 
assurance that a failure in a power supply, thermocouple, or some control element would not 
cause overheating, a small modiflcation was made. This was to add a controller to the system 
on about 10% of the available power. The furnace would operate as before, except when the 
outside temperature rose too high the controller would override the system and maintain the 
desired temperature range. The temperatures were generally maintained to±3K(±5”F) 
with infrrequent excursions to a maximum f ± 6 K (± 10* F). 

The procedure followed for the exposures was to cut the specimen blanks to final size including 
machining of the B/Al interfiber shear specimens (Figure 7-27), drying the resin matrix com- 
posites at 394 K (250 * F) for 24 hours, and loading into the aging furnaces. The specimens were 
supported at their ends by narrow strips of stainless sted so that almost the entire surface was 
exposed to the air atmosphere within the furnaces. At the required time intovals the ovens 
were shut down, opened, and the specimens were removed and stored in a desiccator until 
doubler bonding and tensile testing. Only the resin matrix specimens were placed in the desic- 
cator, as moisture absorption was not a problem with the B/AL Residual strength testing was 
perfumed at 297 K (75 * F) for the B/Al 450 K (350* F) for the epoxies, and 505 K (450* F) and 
561 K (550* F) for the polyimides. The tensile and shear specimen configurations end test pro- 
cedures were the same as those described in Section 7. 

TEST HESUtTS AND DISCUSSION 

S.X1 IOIION/90XY AND CRAPHITE/EPOXY. Residual tensile strength data for the epoxy 
systems are presented in Table 8-1 and 8-2 for B/E aged at ambient pressure. Table 8-3 for B/E 
aged at reduced pressure. Table 8-4 and 8-5 for G/E aged at ambient pressure, and Table 8-6 for 
G/E aged at reduced pressure. Aging was carried out at 394 K (250* F) and 450 K (350* F) for 
both unidirectional and (0* ± 45*], crossplied specimens. The tensile strength data have also 
been plotted as a function of aging time for Uw two epoxy systems, lliese corves are found in 
Figures 8-2 through 8-5. Asummaryof the effects of 10.()()0 hours of thermal aging on the ten- 
sile strength retention of B/E and G/E is shown in Table 8-7. In Table 8-7 and in others 
throughout the report that list percentage strength retention, whenevor residual strength is 
greater than baseline strength a value of 100% retention has been used. 

The results shown in Figures 8-2 and 8-3 for B/E are typical of both the epoxy ^sterns. At 394 
K (250* F) and ambient pressure no degradation has occurred for either the unidirectional or 
crossplied material during the 10,0<X) hours. Examination of the specimens after removal from 
the furnace revealed no changes in appearance during the first 5000 hours. After 10,(XX) hours 
onfy slight color changes were observed in both the B/E and the G/E specimens. The excellent 
condition of the specimens after 10,000 hours is shown in Figure 8-6 and 8-7. Failed tensile 
specimens of B/E and G/E before and after aging show no significant differences. 


TobU M. TlMrmal Aging Data for [0«]4 t/E In 0.10 MN/m> (14.7 p«i) Air 


Aging 

Tnmpnrvtur* 

K (*f) 

T«tf 

Tnmpnrohim 
K Cf) 

Aging 

TIim 

(hr) 

Tonsila Strongth 
MN/m7 (ktl) 

394 250 

450 

350 

Baseline avg 

1380 

200 




100 

1390 

202 





1350 

196 

— ' — 




1370 

198 





avg 1370 

199 




500 

1460 

212 





1360 

197 





1340 

194 





avg 1390 

201 




1,000 

1330 

193 





1390 

201 





1380 

200 





Bvg 1370 

198 




5.000 

1480 

214 





1450 

210 





1520 

220 





avg 1480 

215 




10.000 

1410 

204 





1430 

208 





1450 

211 





avg 1430 

208 

450 350 

450 

350 

5.000 

1230 

179 





1240 

180 





1250 

182 





avg 1240 

180 




10.000 

1010 

146 





1010 

147 





1080 

156 





avg 1030 

150 
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TaU* M. Th*nnal Aging Data lor [®« ± 45®], Crotsply l/E In 0.10 MN/m> (14.7 pti) Air 


Aging Tost Aging 

Toniparatura Tamparolwra Tima Tonaila Strangth 

K (“F) K (®F) (hr) MN/m3 (ksl) 


394 250 450 350 Baseline avg 550 79.8 

100 510 73.9 

496 71.9 

_ 71.5 

avg 50ir 72.4 

500 478 69.4 

428 62.1 

474 68.7 

avg 460 66.7 

1.000 512 74.2 

504 73.1 

539 78.2 

avg 518 75.2 

5.000 535 77.6 

527 76.4 

533 77.3 

avg 532 77.1 

10.000 538 78.1 

534 77.4 

522 75.7 

avg 531 77.1 

450 350 450 350 500 544 78.9 

461 66.9 

517 75.0 

avg 507 73.6 

1.000 581 84.2 

508 73.7 

493 71.5 

avg 527 76.5 

5.000 310 44.9 

319 46.3 

309 44.8 

avg 313 45.3 

10.000 339 49.2 

342 49.6 

314 45.6 

avg 332 48.1 
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ToU* t-i. TtMnnal Aging Data for B/E Agod in 0.014 MN/m> (2 gti) Air 


AglnO . . Tost Aging 

Tomparotura Tamporotara Tlnw Tamila Strongtii 

K (Of) Oriantafien K («»E) (hr) MN/in> (ksl) 


450 350 [0‘]6 450 


450 350 (0* ± 46*1, 450 


350 


350 


BaselLde avg 

1380 

200 

5,000 

1520 

220 


1290 

187 


1400 

203 


avg 1400 

203 

10,000 

1390 

201 


1340 

195 


1400 

203 


avg 1380 

200 

Baseline avg 

550 

79.8 

5,000 

519 

75.3 


529 

76.7 


590 

85.6 


avg 546 

79.2 

10,000 

379 

54.9 


367 

53.2 


381 

55.3 


avg 376 

54.5 


ToMa 0-4. Thormol Aging Data for (O®]* C/E in 0.10 MN/m^ (14.7 pai) Air 


Aging Toot Aging 

Tomporatwia ToMporotura Thna Tonalia StiongHi 

K K (Of) (hr) MN/m> (k.i) 


394 250 450 350 


Basdineavg 

1590 

230 

100 

1520 

220 


1590 

230 


1540 

224 


avg 1550 

225 

500 

1260 

182 


1270 

184 


1470 

213 


avg 1330 

193 

1,000 

1480 

214 


1560 

227 


1450 

210 


avg 1500 

217 
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ToU« M. Th«rmol Aging D«l« for [0<»U C/i In 0.10 MH/m» (14.7 poi) Air - CondwW 


Aging 

Tnmpnrotvra 
K («7) 


450 350 


Tost 

Tompomturo 

K (»f) 


450 350 


Aging 

TImn 

(hr) 

TMtlln Strangfli 
MN/m> (k*l) 

5.000 

1630 

236 


1600 

232 


1440 

209 

— 

avg 1560 

226 

10,000 

1650 

240 


1650 

239 


1850 

268 


avg 1720 

249 

100 

1500 

218 


1650 

239 


1460 

212 


avg 1540 

223 

500 

1630 

236 


1620 

235 


1550 

225 


avg 1600 

232 

1,000 

1260 

182 


1500 

218 


1540 

223 


avg 1430 

208 

5,000 

1210 

175 


1370 

199 


1300 

188 


avg 1290 

188 

10,000 

1360 

198 


1270 

184 


1210 

176 


avg 1280 

186 
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TaU* 1-5. Thcnnal Aging Data for [0« ± 4S»], Oowgly G/E In 0.10 MN/m^ (14.7 psi) Air 


Aginf TMt A9I119 

T«mp*ratur« T«fnp#rohir» Tim# T«iisil« Strength 

K (<»P) K (<>f) (hr) MN/m2 (ktl) 


394 250 


450 350 


450 350 


450 350 


Basdineavg 

500 

72.5 

100 

496 

72.0 


542 

78.6 


483 

70.0 


avg 507 

73.5 

500 

475 

68.9 


492 

71,4 


494 

71.7 


avg 487 

70.7 

1.000 

494 

71.6 


552 

80.0 


626 

90.8 


avg 557 

80.8 

5.000 

589 

85.4 


559 

81.1 


536 

77.7 


avg 561 

81.4 

10.000 

559 

81.1 


593 

86.0 


585 

84.9 


avg 579 

84.0 

500 

494 

71.6 


608 

88.2 


559 

81.1 


avg 554 

80.3 

1.000 

552 

80.0 


501 

72.6 


563 

81.6 


avg 539 

78.1 

5.000 

485 

70.3 


440 

63.8 


474 

68.7 


avg 466 

67.6 

10.000 

265 

38.5 


60 

8.7 


238 

34.5 


avg 188 

27.2 





Tobl« t-i. Th«rmar Agifi9 D«to for 0/1 Agod In 0.014 MN/m^ (2 psi) Air 





Aging 

Tomporoturo 

K (OF) 

OHofitoHon 

Tott Aging 

Tomporoturo Tim# 

K (OF) (hr) 

Tniuiln Stmngth 
MN/m2 (lul) 




450 350 

I 0"]6 

450 350 Baadine avg 

1590 

230 






5,000 

1730 

251 







1740 

252 

— 






1560 

227 







avg 1680 

243 






10.000 

1770 

257 







1870 

271 







1760 

255 







avg 1800 

261 




450 350 

(0» ± 45*1, 

450 350 Baaeline avg 

500 

72.5 






5.000 

584 

84.7 


596 86.4 

571 SZS 


avg 584 84.6 

10.000 535 77.6 

498 72.3 

548 79.5 

avg 527 76,5 
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Thernud aging of the epoxy systems at 450 K (350” F) produced significant degradation when 
exposure was carried out at ambient pressure but almost no effects when aging was done at a 
reduced pressure of 0.014 MN/m^ (2 psi). The degradation in tensQe propoties combined with a 
«ignifiriinr change in appearance of the specimens, particularly after tensQe testing, occurred 
after 5000 hours at 450 K |350* F) in a 0.10 MN/m^ (14.7 psQ air envirorunent F«r the same 
finw* and tonperature. but at a reduced pressure of 0.014 MNInfl (2 psi), similar specimens 
showed p«w«»nriaHy no reduction in 450 K (350° F) tensite strength. Specimens expo^ at the 
reduced pressure failed in a maimer typical of unexposed materiaL The samples aged in air at 
ambient pressure, on the other hand, were dramatically different. For these specimens the 
epoxy resin matrix, in many areas, crumbled away during tensile testing exposing the boron or 
graphite filamanta. Portions of failed test sp^imens of each material before and after aging at 
450 K (350° F) are shown in Figures 3-8 and 3^9. The change in appearance of the failed 
specimens between 1000 hours and 5000 hours of oqiosure is quite dikinct. While not appar- 
ent from Figure 8-8 and 8-9. the loss of resin after 5000 hours was srnnewhat greater for the 
B/E than for the G/E materiaL One other observation was made during bonding of doublers to 
the 5000-hour tensile specimens. Prior to applying the adhesive, the ends were lightfy polished 
with Scotch-Brite. For the B/E samples exposed at ambient pressure, just a slight amount of 
rubbing removed the outer powdery layer of resin and revealed the bmn fibers of the outer 
plies. Such an effect was not observed for the G/E specimens or the reduced pressure B/E 
specimens. 

After 10.000 hours of thermal aging at 450 K (350° F) further degradation of the epoxy 
mufcriftla was observed. The G/E specimens showed a slight cdor change (to a daricw brown) 
but, otherwise, were visually unchanged by the 10,000 hour exposure. However, during 
doubler hnnHing the (0° ± 45 °], specimens aged at ambient inessure aD delaminated. Figure 
8-10 shows the poor condition of these specimens. The tensile strength of these crosspUed 
specimens was very low, while the unidirectional specimens showed a decrease of about 25%. 
The appearance of the specimens after test was similar to those aged for 5000 hours at 450 K 
(350° F). see Figure 8-9. 

The epoxy matrix crumbled away during tensile testing leaving the bare ^phite tows looking 
like a bundle of yam. The rdatively high tensile strength of the unidirectional specimens. 
1680 MN/m2 (186 ksO. after 10,000 hours exposure is somewhat misleading as to the actual 
quality of the A transverse tensile or shear test that measures the matrix strength 

would undoubtedly give extranely poor results. For the same time and temperature, but at a 
reduced pressure of 0.014 MN/m2 (2 psi). similar ^lecimens showed no reduction in 450 K 
(350° F) tensile strength. These specimens failed in a manner typical of unexposed material 
see Figure 8-1 1. 

The B/E specimens aged in ambient air were in very poor condition after the 10.000-hour expo- 
sure at 450 K (350 ° F). Two of the crossplied specimens were ddaminated when removed from 
the a ging fiimace. and slight flexing of the third specimen during handling also resulted in 
Halaminarinn Figuie 8-12 shows the two delaminated crossplied specimens prior to doubler 
K»n«iing For the unidirectional specimens much of the resin was gone from the surface expos- 
ing many of the outer boron filaments. Some of these outer filaments were lost during the 
doubler twinging operation. The unidirectional specimens had very little transverse stiffness 
and could easily be bent by hand. Again, the crossplkd specimens showed a greater decrease in 
tensile properties than the unidirectional specimens. In like manner to the G/E material the 
tensile results don't indicate how badly the B/E had been degraded by the 10,000 hours in 
ambient air at 450 K |350 ° F). The resin matrix has retained almost no strength after the aging 
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^ DELAMINATION OCCURRED AFTER AGING DURING CURE OF DOUBLER AOHESIVL 


2 3 4 5 6 


Figw* t-IO C/i Tafiail* Sp«clm«iis Altar 10,000 hr of Thermal Aging at 450 K (350* F) in I ntai Air 

ezposoie. Figure 8^ showe failed tensile specimens after various exposure times at 450 K 
(350* F) in ambient air. The 10,(XX)-hour ^ledmens consist primarily of broken bonm fibers 
and scrim doth with most of the epoxy matrix having crumbled and fallen away from the test 
section between the doublers. 

In contrast to the G/E material, the B/E specimens aged for 10,000 hours at 450 K (350* F), but 
at a reduced pressure of 0.014 MN/m^ (2 psi), did show a reduetkm in strength and a efaan^ in 
failure qqiearance. The unidirectional specimens retained 100% of the 450 K (350* F) tensile 
strength, but the crossplied specimens only approximatdy 70%. Maiqr bare filamimt i p were 
visible in the failed specimens of both layups where the resin matrix had brokm up. The ^ect 
was not as pronounced as that obs^ved for the ambient tests, but compared to uneqmeed 
specimens where almost no bare filaments occur, the indications are dear that the matrix is 
starting to degrade even at the reduced pressure. The 5000-hour specimens showed no proper- 
ty degradation and failed in a manner similar to unexposed materiaL The difference between 
the 5000-hour and 10,(XK>-hour failure appearance can be seen in Figure 8-13. 

The results from these aging tests show condushrely that the B/5505 bonm epoxy and 
AS/3501 graphite epoxy systems are not suitable fw long-term service in one atmoqihere air 
at 450 K (350* F). At a reduced pressure of 0.014 MN/m2 (2 psi) air, the G/E appears to be unaf- 
fected for at least 10,000 hours, while the B/E begins to experience smne matrix d^^adation 
between 5(X)0 and 10,000 hours. 

t.2.1.1 ANkrofcopIc Exominotioii of the Thormol Aging Spaclmont. After tensile testing: many of 
the thermal aging specimens were sectioned and mounted for study using both an'opdcal 






Air 


Flgur* t-12 CrettpIlMi •/* Aft«r 10.000 hr of Thormol Aging at 450 K (350® F) in I atm 

microscope (metaUograph) and scanning electron microscope (SEM). Tlu^ stadies 
intended to detect changes that occurred in the composites during e^tosure m to a^t 
in identihring degradation mechanisms. Additional examinations were conducted of the fr^ 
tured surfaces (primarily with the SEM) to determine failure modes and to further study the 
degradation processes. 

Figure 8-14 shows photomicrographs of G/E aging specimens using a meCaDograph and a SEM 
at lOOX and 500X magnifications. These pictures aie for 10,000 hours exposure at 450 K 
laSO" F) and 0.014 MN/m2 (2 psi) pressure. Close examinaUon of these photomkro^aphs 
shows only surface changes in the resin and some cracking, which proba^ occuired dunng 
post exposure tensile testing. Some of the cracks are located at boundaries betw^bi^^ 
^hers within a parUcular lamina, as shown in the upper two photoinicro^phs. The faster 
cast at the specimen edges in the SEM pictures will be shown later to be oxidation. Here it has 
occurred only at the surfaces exposed to oxygen. 


The pictures in Figure 8-15 taken at lOOX with the metaUograph show good examples of tow 
oxidation of the epoxy resin can proceed Inward as a function of time and temp^ture. TTie 
upper pictures show that there is Uttie difference between the as-recewed material wd that 
aged for 10.000 hours at 394 K (250» F) in one atmosphere air. The lower pictures, on the oth« 
hand, show extensive degradation in the outside plies after 5000 hours at 450 Kj05()* F), and 
considerable degradation in both the inner and outer layers aft» 10.000 hours. The SEM pic- 
tures in Figure 8-16 taken from the same specimens show the identical effects, but even m^ 
clearly than the metaUographic pictures. For example, the slight amount of surface oxi^tion 
after 10,000 hours at 394 K (250“ F) is easUy distinguished in the SEM photograph m Figure 
8-16, while scarcely visible in Figure 8-15. 
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using the SEM ere explain y When the enoxv resin oxidizes, it is more prone to crum- 

“ 03. «>o. b. d«ec«i 

using the SEM at higher magnifications. 

Fieure 8-17 shows typicaUy how this occurs. The as-received 

ag^d at 450 K (350»^ and 10.000 hours as shown in the lower left picture. The 
magnification was lowered to a lOOOX for clarity. 

a 9 1 2 Froctooniphs In addition to the metaUographic cross sectional ex^ations. a stady 

wa^ idso madS of the fracture surfaces of of K I250» 

Fioiirps 8-18 and 8-19 Typical fractograpl^ of G/E imaged and aged at 394 K (250 F) 
bS??«s^for oiS^Slr. Sra b. th. upper porUou ct F^ure 8-18, A5 uu^t to 

“ ^ thp teiiaile results, the appearance of the fracture surfaces are very sunilar for 

Pf^cted from the teMde rw^ t ^p^™ ^ ^ 

the two ®P^®“- ^® 5 QoF)a^d ambient pressure for either 5000 or 10,000 hours, it was 

pktuTS a.‘^fc«t»ru Tto very brittle r«rtn tod cabled 
^iCeu^ the are. of the frecwre so that ooly . f». Sbuueut ends -cold have 
appeared in the field of view. 

The picture, in the 

phl^^^pto in resinlLring 

than t^ m c v j~phite filaments indicates a severe degradation of the 

?J^xy matrix, which accounts for the failure within the matrix rather than at the fiberiresm 
interface. 

An interestinir example of the gradient of oxidation into the specimens a 
^ u Ficniro 8-1 Q These nictures were taken from areas near the surface of speci- 

fractog^hs ^ ^ ambient pressure and at 450 K (350* F) and reduced pressure. 

had occurred inthese specimens in 10.000 hours. In Figure 8-19 W 

S^n had Droeressed is^d% visible. The resin near the outer suifrice hi^ bee^mbnt^ by 
SdJSon SKTbra^^^ from the filaments during tensile t^tmg. ^per into the 

rpecimen the fracture surface more closely resembles that of an imaged specimen. 

. . u . .. .M«n T«nMrotur* Studies. Further studies of the changes in the epoxy resin 

were made by measuring the glass transition temperature (T^ of small sanylM rat from the 
® -vA/%s*« 4 x«Q Thp^e tests wtre oerformfid using a DuPont 942 Tht» ujoroech- 

G/E thermal aging specimens. fv,Pnnt <WO Thermal Analyzer The results are 

to lO.OOU nours. in g^ however significant increases m Tg were found. These 

cLC'i-h^»» Smcctoaica. p^pctty ttst, or uucra^opic 
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j sooo-hoor and 10.000-hour specimens 

-ZI T_ 

rnH/m^ 



M«Me 

(a*«) 

(M 

K 




463 

374 

14.7 

5.000 

463 

374 

14.7 

10.000 

464 

375 

2 

5.000 

490 

422 

2 

10.000 

505 

449 

14.7 

5.000 

(a) 

(sJ 

14,7 

10.000 

(a) 

(a) 

14.7 

4.500 

498 

436 


L2. The ratner 
5 combined effects 

medmen la tne 

^ obtain^ from 

)«d may be much larger , *.u* n/pi system are presented 

■■uTTfroiYl ff^ Residual tensile lor aging at reduced 

aging at ambient prM*^ ^^^8^ b^Smiidfrectioi^ 
n Tables 8-9 an^lO^»«^^^ K (450» R a^ Ml performed at the 

=sf*^*SSsasrsa9^'^ss;.r^ 

in Table 8-12. u.-wt-l very little decrease in tensile 

Strength at the p). These decreases strength decreases were 

surface texture remainea auu« 
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JMm $-f. Th«niMl Aginf Data for [0«]4 Om in 0.10 MN/m^ (14.7 pti) Air 


Aging To9t Aging 

Tomparotura T ompa r a h ira Tima TonsOo StrongHi 

K («P) K (®f) (hr) MN/m* (ksi) 


505 450 


561 550 


505 450 

500 


1.000 


5.000 


10.000 


561 550 

200 


500 


1.000 


5.000 


10.000 


Baseline avg 

1210 

176 


827 

120 


752 

109 


758 

110 

avg 

779 

113 


1210 

175 


990 

144 


1370 

198 

avg 

1190 

172 


1190 

173 


1420 

206 


1240 

180 

avg 

1280 

186 


1280 

185 


1390 

201 


1350 

196 

avg 

i340 

194 

Basdineavg 

1320 

191 


1290 

187 


1280 

185 


1350 

196 

avg 

1310 

189 


1170 

170 


1300 

189 


1200 

174 

avg 

1220 

178 


1100 

159 


1170 

169 


1190 

173 

avg 

1150 

167 


1170 

169 


1070 

155 


1010 

147 

avg 

1080 

157 


1117 

162 


876 

127 


807 

117 

avg 

933 

135 


$-30 


n— A.I., o- ± om u , .... «n/^ (.«,-)«- 


Aging 

T«mp«ratwr» 

K Cf) 


T«tf 

T«fnp#ratur« 

K (®P) 


T|ni^ Tnnsiln Stmnglfc 

(h,) MN/in> (k*i) 


505 450 505 450 


561 550 


561 550 


l.OOO 


5.000 


10,000 


l.OOO 


5.000 


10.000 


Baseline avg 

470 

68.2 


521 

75.5 


443 

64.3 


328 

47.5 

avg 

431 

62.4 


435 

63.1 


501 

72.6 


576 

83.5 

avg 

504 

73.1 


335 

48.6 


525 

76.2 


454 

65.9 

avg 

438 

63.6 

Baseline avg 

434 

63.0 


443 

64.2 

-- 

474 

68.7 


394 

57.1 

avg 

437 

63.3 


276 

40.0 


276 

40.0 


258 

37.4 

avg 

270 

39.1 


192 

27.8 


211 

30.6 


274 

39.7 

avg 

226 

32.7 


sUght edge 

(450- n After 5000 hours at 561 K (550 H ^ magnification the 

had some smafl spots on the strfaw tlmt ^ ^ 

small spots dSm^taS mdSe from these the spedmeM were not appr^ 

cracks were beUeved to be deti^enw materiaL Portions of faUed tensde speci- 
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TobU •■11. Thermal Aging Dotn for O/FI Ag«i in 0.014 psi) Air 


Aging 

T«mp«rohir« 
K («F) 

Ori«fitotion 

TMt Aging 

Tnnipnroturn Tim# Tnnsll# Sirnngfh 

K (hr) MN/m^ (kti) 

505 450 

[ 0 *l 6 

505 450 

Baseline avg 1210 

176 



5,000 

1370 

198 




1210 

175 




1480 

215 




avg 1350 

196 



10,000 

1280 

185 




1140 

166 




1180 

171 




avg 1206 

174 

561 550 

[ 0 “l 6 

561 550 

Baseline avg 1320 

191 



5,000 

1300 

188 




980 

142 




1300 

188 




avg 1190 

173 



10,000 

~ 1060 

154 


- 


1010 

146 




970 

140 




avg 1010 

147 


Tobl* 0>I2. Summary of Tonsil* Strongtfi Rotontioa Aftor 10.000 Hows of Thormol Aging for 6/n 


Orfentotfon 

Aging Tempnratum 
K (“f) 

Aging Fmtsum 
MN/m> (psi) 

Tntt Tnmpnrofum 
K (»F) 

Rnfantian nf Tnntlln 
Stmngth (%) 

[ 0 *l 6 

505 

450 

0.10 

14.7 

505 

450 

100 

[0* ± 45»1, 

505 

450 

.10 

14.7 

505 

450 

93 

I 0 *l 6 

505 

450 

.014 

2 

505 

450 

99 

( 0 *l 6 

561 

550 

.10 

14.7 

561 

550 

71 

10- ± 45*1, 

561 

550 

.10 

14.7 

561 

550 

52 

I 0 *k 

561 

550 

.014 

2 

561 

550 

77 


0-32 
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Figure 0-20 T«ntiU Strength of C/FI at 505 K (450^ F) AHmr TiMrmol Aging ot llio Sonia Tomparofura 
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FIguro 1-21 Tontll# Strongtli of O/FI of 541 K (550^ F) Aftor Thormol Aging ot th# Soma Tomparofura 
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to "use a this euonudly. B«=aus. to SOOtour dto sppesnsi to be m emu. they 
were not included on the aging plot in Figure 8-20. 



lu A Hata HT-S/710 eraohite/polyimide should be limited to 505 K (450* F) for exposures 

htSS teX of loss ol resWusi tenso. sto^ 

MstoHogTsphic sod SEMej^to- 

oS^^at the interface in the aged materi^ Figure 
numerous, fine cracks were -«o#-aainai Fimre R-27 It was not determined whether 

(t27. Nouettore^ta 

l!Si JTSt SS Selihood of to idustio. <rf embrittfeaent by 0 .- 

• « <1 arwoN /ALUMINUM Thermal aging studies were conducted on unidirectional and 

room tempetati^ -.JlStnovsluatefiberdegradationwhiletiansversetmisilesndlongitu- 

dinal shear propexxv.s oi - ^ m Table 8-13 to 8-16. A summary of the effects 

o1 toKS - is giv^si* 8-17^ Tto 

jLinStSTss ‘ ^gth S2 hsve Jso ban pk*«d ss . fuuctio. of mP»8 tous. Those 
curves are shown -n Figures-8-28 to 8-30. 
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Ftaur* f-M C/PI B-lof ond Aftf 10.000 hr of Th.rmol Agi-S «l 505 K (450» F) In 
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otm Air ond Tonstfn 
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FIfur* t-2i Photemkregraplw (SEM) of O/PI Aftor Thor mol Aging In Ono A'/mo«phoro Air 
ol Indkotod Tomporotwro. 100X 
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ToW i-n. Th.rm- 0«- 10»1* i/AI «« <>«. 

LoAgHvdIfiol T«st Dk^cttoo 


Am«»»Mf« Ak T«i*d •» nr K ( 7 S« F) 


Aging Twnpwvlwra 

K W 


450 


350 


AghigTInm 
(hr) 


Baseline avg 

5.000 


TamOa Strang* 
«M/m? (M 


1450 

1320 
1230 
1070 
avg 1210 


210 

191 

179 

155 

175 


10.000 


561 


550 5*0®® 


10.000 


700 


800 5'®®® 


10.000 


1010 

986 

869 120 

avg 955 13« 

841 122 

855 124 

889 129 

avg 862 125 

855 124 

703 102 

786 il4_ 

avg 781 112 

327 47.4 

631 915 

315 45.7 

avg 424 61.5 

263 38.1 

320 46.4 

318 46.1 

300 43.5 


avg 


Tobl«i*14* Th«rmfll 


A 9 bi 9 for [•»]* l/AI Ag«d in Onn Atwo i plin m Air nnd Tn«lnd at »7 K (7S<> F) 
T«st Dirwctlofi 


Aging TnmgTOfiw 

K (Of) 

Aging Tlmn 

(lir) 


Tnnsiln 

aaN/m> 

StrnnfHi 

(k*i) 

450 

350 

Baseline avg 


79.3 

115 



5,000 


159 

23.1 





143 

20.*7 





116 

16.8 




avg 

139 

20.2 



10,000 


104 

15.1 





93.8 

13.6 





121 

17.5 




avg 

106 

15.4 

561 

550 

5.000 


98.6 

14.3 





102 

14.8 





104 

15.1 




avg 

102 

14.7 



10.000 


108 

15.7 





74.5 

10.8 



__ 


75.2 

10.9 




avg 

85.9 

12.5 

700 

800 

5.000 


104 

15.1 





101 

14.7 





94.5 

13.7 




avg 

100 

14.5 



10.000 


80.0 

11.6 





76.5 

11.1 





100 

14.5 




avg 

85.5 

12.4 


T«M*S-1S. Tlitwwl Aging Oto lor [0°U»/AIA»*d hi OwA h . wt | rfi »»Alr *idT»»t»dt»7K (7S»P)~ 

Intnrflbnr Slmnr in longHw^nnl OimeHon 


Aging Tnmpnfnlwra Aging Thnn 

K W 


450 350 Baseline avg 

5.000 


10.000 


561 550 5.000 


10.000 


700 800 5.000 


10.000 


Tentiln Slrength 
NIN/in> (lui) 



93.1 

13.5 


82.0 

11.9 


93.1 

13.5 - 


109 

15.8 

avg 

94.7 

13.7 


109 

15.8 


100 

14.5 


108 

15.7 

avg 

106 

15.3 


85.5 

12.4 


93.8 

13.6 


91.7 

13.3 

avg 

90.3 

13.1 


97.2 

14.1 


91.7 

13.3 


91.0 

13.2 

avg 

93.3 

13.5 


42.1 

6.1 


77.2 

11.2 


79.3 

11.5 

avg 

66.2 

9.6 


71.7 

10.4 


18.6 

2.7 


24.8 

3.6 

avg 

38.4 

5.6 


Tobl« l-U. Hi«ffiKif Aging Dofn for [9^ ± 4S^]^ Ootspllod ft/AI Agod in Ono Atnvosphoro Air and Tottod of 
2f7 K (7$^ F) — Longitwdiiial Totf DirocH^ 


Aging Tomporoturo 
K («F) 

Aging Tlmo 
(hr) 

TwwH* Strewjth 
MN/ri3 (k«l) 

450 

350 

BaseUne avg 

516 

74.8 



5,000 

430 

62.3 




467 

67.7 




535 

77.6 




avg 477 

69.2 



10,000 

459 

66.6 




444 

64.4 




428 

62.1 




^vg 444 

64.4 

561 

550 

5,000 

276 

40.1 




251 

36.4 




257 

37.3 




avg 261 

37.9 



10,000 

184 

26.7 




214 

31.1 




210 

30.4 



- 

avg 203 - 

29.4 

700 

800 

5,000 

168 

24.4 




185 

26.8 




198 

28.7 




avg 184 

26.6 



10,000 

142 

20.6 




143 

20.7 




' 154 

22.3 




avg 146 

21.2 

Toblo i*17. Summary of toom Tofi^oralvra Stronglfi totanHoa Aftor 10,000 Hours of Hioniial Aging In Ono 

Atmofphoro Air for B/Al 



- 

Lomlnofo 

Tost 

StTwiglh MmiHoii 1%) Ahmr 10,000 Howrt 

OrlontoHon 

Diroction 

Praporty 4S0K(350<>F) 

541K(S50« F) 

700K(000«F) 

[0‘Je 

m 

Tensile 66 

54 

21 

|0“l6 

(90 »| 

Tensile 100 

100 

100 

10 “l6 

10 "I 

Shear 100 

100 

41 

10* ± 45*1, 

[0»1 

Tensile 86 

39 

28 
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Str«i«lh ol U«MIr.c«oiMrf i/Al •* »7 1C C75» F) Ah^ TIwniMl 

At 561 K (550» F) and 700 K (800* F) extensive degradation was observed in 

-tr^hnf material tested in the 0» directkm of both bynps. These decreases were as hi«^ 

80%rt700 K (^^F) and 60% at 561 K (550» F). Decreases were abo^ser^ Iparticolariy in 
Se uSSecS Jterial) at 450 K (350* F). dthoo^ not a. 

of the soedroens was unchanged after 10.000 hours of aging at the two low^ tenvwrtnres. 

At^ wJ^TtemperaSSI^K iSOO" F). some surface discolor^ 
imnortance. however was oxidation and loss of the exposed ends of the b<HX>n fibe rs m the 
MMfle md intertber »p€clo«M. F.gji» ^^ 1 ^. 

the edne of a transverse tensile specfanen that was aged for 5000 hours at 7MK (80^1^ he 
boron fibers are oxidized to a depth of apiwoximatdy 0.00064 m <0.025 m.). After 

of aging loss of the bOTOT fibers extends to a depth of ^[^roximat^ 0.0015 m (0.06 in.). No 
oxSSn of the boron was found in speciniens aged at the other temperatures. 

Because the notches in the interfiber shew spedmensra kS 

of the boron filainents had a significant effort on the r«ndnal **" »^*^ ^ ^^2 

Li 561 K(550»F). where no oxidation wwf^~decreasein^^^ 

However at 700 K (800® F) decreases of 30 and 60% were measored a^ 5000 and 10^ 

hS^ respectively. The machined edges at each end of the shearing regions ^ weed to 

S^^Sment during aging and extensive ^tion of the b^n 

seen in the fracture surfaces of shear specunens shown m Figu^ 8^2 and 8-33. These figures 

show samples of B/ A1 after aging periods of 5<)00 ^ 10,000 hours and. for compimson. one 

t-hai- jjad not been exposed prior to shear testing. The Imgth of the shear region is af^rox* 

imately 0.0025 m (0.10 in.) as shown in Figure 2-27. For the unexpi^ ^lecimen, . 

where no oxidation of the boron has occurred, the fracture surface is uniform along l«gth. 

The primary failure mode was matrix failure with some failure at the filament-matra 

In the^^en aged for 5000 hours at 700 K (800» F). Figure 8^2. loss of teron by option 

L STvisible Neither end of the sheared regiom This attodc «^n^or 

0.00064 m (0.025 iiL) from each end and has consumedj^out half of th e fibw length. With the 





■ A > ^ TAA K flOO^ R In 1 «t*n Ak Showing 

Ed,.Vl.w<,l«/AlAh.r5000hrofTh.n«.IA9ln9-»7®® ( 

** Low of Boron Throosh Oxldotion 

i,inh fracture occurred was considerably reduc^ and the 
„„ of th« the areas was calculated using the 

loedmen had lower strength. The residual snear » decrease in shear strength afl« 

U is this effect that accounts the^>^^\^2 h.^ specimens after aging, the 

^ hours at 700 K (800 ° F). Had the etches Wn^ ^^h^ ed^ unexposed 

residual shear strengths would probably h j^en is similar to that of the 

The failure mode in the center portion of the filament spliCting. In the two 

Figure 8-32 with the addition of ^ ,he hollow an« 

end portions, failure has " fdament^^ ^3 shows the two fracture sur- 

preXusly occupied by the a specimen aged for 10.000 h^ 

faces (soecimens are tested in double she^ g'jre mme extensive on one fflde 

at 700 K 1800" F). For this ®1^™® pP” oxidation has consumed almost all the boron 

S®on th. other. ^ on the rW* 

on the surface on the left. Tk®, »PI^ specimens aged for lO.W h^ 

:r:r rt.Srnl"h“ mcrearo in rfm anmnnt of filament sphttmg over 

that observed after 5000 hours. 

Table 8-17 shows 100% retention of the rf the low values 

These results, however are p.«l 

eSned from the baseline ^ considerable scatter when tensile tes^ 



♦ * I * •»« . • . 
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Flgur* 1-32 Froctur* Surtac* «f lnt*rflb*r SliMir Spccinwnt ol l/AI ■•for* and Altar Thor mol Aging at 
700 K (MWo F) In 1 otm Air 
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rather than degradation of the aluminum matrix. Figures 8-34 through 8-36 show the fracture 
surfaces of traiisverse tensile specimens that were tested after the following thomal 
treatments: - 

a. Figure 8-34, unexposed. 

b. Figure 8-35, 5000 hours at 450 K (350®). 

c. Figure 8-36, 10.000 hours at 561 K |550°F). 

In the unexposed specimen. Figure 8-34, the primary failure mode is matrix failure with some 
failure near, but not quite at, the filament-matrix interface. As thermal aging temperatures 
and times increase the failure mode changes from primarily matrix dominated to one in which, 
first, Licreased fracture at the filament-matrix interface occurs and, second, for more severe 
exposures, considerable filament splitting is observed. Figure 8-35 shows the increased inter- 
face fracture. A good example of filament splitting is illustrated by Figure 8-36. Two boron 
fibers have fractured lengthwise through their centers revealing the fine tungsten cores used 
in fabricating the filaments. An element scan taken with the SEM is also shown in Figure 8-36. 
With this technique the higher the atomic number of the constituent of the specimen the 
lifter the trace that is shown on the screen of the SEM. The two very light lines indicate the 
tungsten cores, the darkest areas are the low atomic number boron fibers, and the remaining 
gr^ area is the aluminum matrix. The change in the failure mode and the accompanying 
decrease in transverse tensile strength apparently occurs because the boron filaments become 
weakened as a result of interdiffusion between the boron and the 6061 aluminum alloy at the 



Figur* 8-34 Froctur* Surfoc* of Tronsvorso Tonsilo Spocimon of Unoxpofod B/AI Showing Prodominontly 
Motrix Foiluro 
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- 

fibermatrix interface during 

degrada^n of b<jon An excellent review of 

. - * 'Tfin K F) was shown to have contri* 

The effect of boron fiber oxidation during . p transverse tensile specimens 

buted considerably to the decre^ m ***®" v les» because of the lower percents^ 

• 0 sd at 700 K (800“ F) the contnbutK^M ,gOQo pj oxidation has consumed 

.pproiimttly 0.00064 m (0.M5 ^,^9 of27*ii!(0.50 in.) wide unsDe spedmen. Figure 

10 10 in.) long shear region but only 1 ^ the surface of transverse tensile specimens 

8^7 shows the annearance of spBt hollow tubes is simto f® 

aged for 5000 and fracture surface away from Uie ends agam 

Further evidence that the decr«^ in tte 

was the result of degradation o t e o^ crossplkd specimens aged for 

found during examination of the jf *showS a seriSrf closely spaced. 0.0013 m 

«;fii K (550“ F). The outer 0“ ply (on both side l soecimens. An overall view of 

(0.05 in.) to 0.0025 m (0.10 in.), ^cks ® necking that occurred during tensile 

uieM specimens views of the surface cracks s« 
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figure ••3* frocture Surface of Traruvori# Tonilla Spoctmon el t/AI After 10,000 hr of Thermol Aging at 
Ml K (SSO" f) In I etm Air Showing ASatrlx, Interface, and Filament failure Modes 
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Figur* S-3S B/AI Aft»r 5000 hr of Th«rm«l Aging at 541 K (550® F) in 1 otm Air and Tantila Tasting at 
Room Tomporoturo Showing Transvorso Surfoco Cracks and Nocking in tho Tost Soction 


extended only through the outer O'" plies and that the boron filaments in these outside plies 
were broken at each one of the surface cracks. This can be seen on the right in F igure 8-39. It is . 
believed that the boron filaments became weakened as a result of diffusion to the filament- 
matrix interface during thermal exposure. Following the multiple f^ures along the brittle 
filaments in the outside 0 ® layers, the load was picked up by the 45 “ plies. With the 0® plies no 
k»ger active, the specimens necked down considerably prior to final failure. This necking, 
which is not typical of [0® ± 45®], material that has not been exposed, is clearly visible in 
Figure 8-38. In the specimens aged for 10,000 hours at 561 K (550® F), surface cracks were not 
as prevalent as those observed in the 5000-hour specimens but were shnilar in appearance. A 
very number of surface cracks were also found after tensile testing the specimens aged at 

450 K (350® F) while none were observed in the sp^unens aged at 700 K (800® F). Apparently 
the fracturing of the 0® outer boron filaments with the attendant surface cracks is highly 
dependent on the degree of filament embrittlement and is optimum after 5000 hours of expo- 
sure at 581 K (550 ° F). 

In summary of these data. B/6061 boron/aluminum should be limited to 450 K ia50® F) for 
supersonic cruise aircraft cumulative exposures greater than 10.000 hours because of loss of 
residual tensile strength during thermal aging. 
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SECnONf 

biyironmintal aging 


i 


At the UmB that thn study was initiatad, most of Um <UU fHwratwl on adwacad compomt* 

iMteriib ImkI been faWd rtr^ngth d«U withont r«*Md to awiPoniiieiiUl coodWoM. TIm «n^ 

— ««ii«hia wma mBomaStr lor opfar wirtMy ahort p<riod« of •^oeore coat- 

puMl to tlw lifMiim of a commarcid airiiiMr. TUs portk» of th« pragram «u b 

•valnate the coaqioata syst em a u a fnuctkai of apoaoia to uwj i»li iii«, ambient a ging , and 
f>mn«pimri e contandnanta oyar.ralativriy long pacio^ of time. 


anhur tests were conducted aa accdaratad m ea n s of si m u l a t i n g looffbrm ambient 
azpoames. Reaidaal atiengtb testing (flanire) of i miriir wc t ioBal and |0* ± 46^ croospM 

qiedinMm at room and elevated tmnperatures was peefonnad after e^meure and convarad to 

tests on oobrol (unexposed) ^ te cimen s. 


ForthoB/AlsystemanenvinmxnentalstudywasconductodtodrtannmetheeffectsofcofTO- 
sioo and atmoqiharie contaminants. Tensile and shear qwciraens of both coated and ben B/Al 
wore pbcad in an outdoor indost^ seacoast atmoqiheca oonosion teat facility maintained by 

General Qynamics Convair Dhrishm in San Diego, Califonda. B es idu a l strength was detei^ 

mined on one set of ^ledmens after 10,000 hours of oiqb«wa. A aecond aet of B/AI ^ledmens 
wm be tested at the convleCion of 50,000 houra on Phase II of the ovendl teat program. Alao 
indudod in the Phase II portion of the program will be rosidoal tMiafle propertieo <rf the B/E, 

G/E, end GfPl systems after 50,000 hours of outdoor exposure to atmospheric contaminants. 


The following sections describe the test procedures for the environmental aging studies and 
present end discuss the experimental results. 


9.1 warn mkmx compositi svsTiMS 


9.1.1 T i^ri w m nrnffrinrtiTTiri'****^"****** 

ah the Phase I environmental aging studies the resin matrix oongwsites. The flexure 
speci men does not provide data that can be used directly for design but is an efii^ve and 
r^tively inexpensive method for making comparisons between materiab or evaluating effects 
of various exposures, the qwdmen co^guratkm is shown in Figure 9-1. As no universally, 
accepted speriflcalw* far flexural testing of composites was available, the test methods that 
were used were genen^ in accordance with ANSI/ASTM D 790-71 and Federal Test Meriiod 
Standard Na 406, Method 1031. Details (rf the test procedure are given in Appendix B. 
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SKaHEN DIMEMStOIIS 

LEN6TH0I -OJTIndOiiU 

MOTH(M - 001270 MtUMiaJ 

THICKNESSMl - APfOOXlllATELY 0001S in iOOOOiiL) 

SPAN/THICKNESSRATIOI^) - 32T01 

UM0IN6 HEAD AND REACTION SUOPORnARE 000035 « i02» itU 
DIAMETER STUL ROD 

OVERHANG MUST OE THE SAME OVER EACH ENO 


Prior to conducting the moisture environmenUl expoeurm, the flexure spedinens were heated 
at 394 K (250 * F) for 24 hours to ensure that aD mro in a diy condition at the start of eqraoare. 
The cont^^iedmens were also dried for 24 hours at 394 K (250* F) before testing. All testing 
after exposure was accomidished within four hours after the exposure cycfe had been 
cooqdeted. 


The 24-hour water bod exposures were carried out in a reflux condraser using deionized water. 
An American Instrumoit Ca. Inc. Climate-Lab, Congdete Humidi^-Tenqwreture Apparatus 
eras used to conduct the 6-wedi humidity eiqwmires. The chamber was maintained st 322 K 
(120* F) with a controlled environment of 95 to 100% rdative humidity. The ambient aging 
test specimens were kept in a desiccator at 294 ± 3 K (70 ± 5* F) and 52% rdative humi^ty. 
The humidity levd was maintained by a saturated aqueous solution of Na2Cr207*7H20. 
^ledmens were removed from the desiccator and tested after 20 weeks and a second batch 
after 52 wedu. 


The environmental aging exposures were omducted with 1 2 specimens cut from both unidirec- 
tkmalandlO* ± 45 *]^crossplied panels. Resktual strength testing was done at 297 K(75*F) 
and 450 K (350* F) on the unidirectional specimens for all exposure ccmditions. For the 
ciossidied specimens, only 450 K (350 ° F) tests were performed for the humidity and ambient 



agingeipoaures. The 24-hour water bf-a croMplied spedmen* were test^ at ^ 

and 450 K (350* F). Testing at elevated temperature was accomplish^ by heating the 
specimens to the test temperature in a Conrad-Missimer chamber iheid in a standard ^t 
machine— Instron. TlniusOlaen or Baldarin), holding at temperature for 10 i^utes before 
test, and then loading to failure. It has been found that the 10-mimte hold is a good coro- 
I»ombe for getting good stabilization adthout driving off aU the moisture. 


».l J ItfT nSUlTS AND DISCUSSION. Residual flexural strength daU after 24-hour wa^ b^ 

6-weA humidity, and 20 -week and 52-wedr ambient aging eiqioeures are presented m Talm 9-1 

for WE, Table 9-2 for G/E. and Table 9-3 for G/PI. Listed in the Ubln are the control and 

exposed values and the percent retention of flexural strength after the different environment^ 
agei In order of increasing effect on mechanical properties, tim varioiM expoouw are 

aHne predict. Le.. 20-week ambient. 52-week ambient, and either ^week «■ 

24-how water bo «l The results are tjrpical of thooe obtained by others (ref. 21 and 31). 


For epoxy systems. crosspUed laminates traditionally have sh^ b^ ^ K 
streiShLentkm after exposure than unidirectional lamiu^. 

advanced to explain this, but contributing factors inight inchide specimen configured 

in thermal stresses from curing, comprosshre mode of failure after e^wsi^ ^ ^ exam^ 

tion of the epoxy flexural strength daU (Tables 9-1 and 9-2) shows that afterloog^ a^ 

the Whire steengths for both unidirectional and crossplied laminates are nearly t^^^ 

would be anticipatml for a matrix dondna^ Wure mode, 

strengths were nearly unaffected by any of these exposures, while thorn at^ K (3M F) 

,wJS»neraL severely degraded; the only exceptions were the crossplW ma^ 

the 20- andMweek ambient age. The unidirectional specimens were partic^^ 

losses in the 450 K (360® F) flmcural strength of from 77 to 41% depending <m the tsrpe of 
exposure. 


TaMe 4-1. BlecH el NeWiwe end AwMm* Afiet •« •/! Uwlamm 



Control |0*Ii2 


(0* ± 4S’],2 


ne wwel S l rew U li/ T ni seretM ie 


S47K 

MN/m* 

(7t«f) 

(kri) 

% 

4MK 

MN/«^ 

(SIS* 4) 

(M 

2100 

304 


1680 

244 

2060 

296 


1740 

252 

2060 

299 


1770 

257 

2070 

300 


1730 

251 

024 

134 


889 

129 

958 

139 


820 

119 

931 

135 


882 

128 

938 

136 


864 

125 




% 


24-Hoor 

WatarBoU 


10* ± 48*Vj 


6-WMk 


|0* ± 


20-WMk (0’||2 

AmbiMit AgB 


| 0 * ± 45 * U * 


52-WMk I0*]i3 

AmUoit Age 


10* ± 46*lrt 



415 

60.2 



341 

49.4 



428 

82.1 


94 

395 

57 ^ 

23 


431 

02 ^ 



437 

83.4 


- 

758 

110 


94 

542 

78.8 

63 


724 

106 



738 

107 



586 

95.0 


103 

883 

99.0 

39 


600 

100 



848 

94.0 



586 

85.0 



841 

93.0 

74 


1060 

154 



1000 

145 



1030 

149 


105 

1030 

149 

59 


809 

126 



834 

121 



952 

138 



885 

128 

102 


965 

140 



862 

125 



896 

130 


110 

908 

132 

S3 


882 

128 



772 

112 



772 

112 



809 

117 

94 



T«bU t-2. aiKis «f IMoMura mm* 





Weawwl fliewilk/TeBipertwpe 





297K 

(7S«P) 


4i9K 

(SITP) 



Orlewtetiew 

MN/in> 

(k«0 

% 

INN/a,> 

(W) 

% 

Control 

[0*1,2 

1720 

294 


1220 

177 



1710 

248 


1460 

211 




1620 

235 


1210 

176 


. 

--- - 

1680 

244 


1230 

188 



|0* ± 45*lrt 

882 

128 


658 

95.4 



779 

113 


710 

103 




910 

132 


676 

98.1 




857 

124 


681 

96.8 


24-Hour 

[0*1,2 

1850 

268 


424 

61.5 


Water BoU 

1620 

235 


405 

58.7 




1580 

229 


464 

67.3 




1680 

244 

100 

431 

62.5 

33 


(0* ± 45*1^ 

855 

124 


345 

50.1 



834 

121 


415 

60.2 




820 

119 


334 

48.4 




836 

121 

98 

365 

52.9 

54 

6-Week 

[0*1,2 

1720 

250 


405 

58.7 


Humidity 

1640 

238 


372 

54.0 



1680 

244 


388 

56.3 




1680 

244 

100 

388 

56.3 

30 


|0* ± 45*1^ 


— 


268 

38.9 




— 


289 

41.9 





— . 


272 

39.4 







276 

40.1 

41 

20-Week 

[0*1,2 

1960 

284 


634 

91.9 


Ambient Age 

1690 

245 


690 

100 



1900 

275 


793 

115 




1850 

268 

110 

706 

102 

54 


[0* ± 45*Irf 





609 

88.3 




— 


479 

69.5 





— 


535 

77.6 







541 

78.5 

79 

52-Week 

[0*1,2 

1670 

242 


605 

87.8 


Ambient Age 

1660 

240 


564 

81.8 



1540 

223 


598 

86.7 




1620 

235 

96 

589 

85.4 

45 


(0* ± 45 ‘1,2 


— 


394 

57.1 







392 

56.8 





— 


376 

54.5 







387 

56.1 

57 


f-5 


Tabbt-3. BIkH •» UdoWw* •kJ Amklwi# op O/TI 


2f7K 


Wowwot StioinHi/Toiiiyoi ol oio 
(7*0 f) 4»IC 


(*sr*p) 

Hdj^nffon 





aM/m* 

(W) 

% 

MN/m* 

(heq 

Cootrol 


1330 

193 


oW 

126 


993 

144 


962 

138 



1220 

177 


807 

117 

-- 

_ . . - 

1180 

171 


876 

127 


10* ± 45*lrt 

665 

96.4 


538 

78.0 


567 

S2J2 


661 

95.8 



701 

101.7 


439 

63.7 



644 

93.4 


546 

794 

24-Honr 

[01l2 

1140 

166 


848 

123 

Wator Boil 

1020 

148 


966 

143 


841 

122 


938 

136 



1000 

145 

85 

924 

134 


10* ± 45*lrt 

578 

83.9 


476 

69.0 

• 

567 

824 


374 

544 



351 

50.9 


385 

55J 



499 

72.4 

78 

412 

59.7 

6-Wcek 

I0*ll2 

938 

136 


1080 

156 

Hoinidity 

889 

129 


848 

123 


1190 

172 


848 

123 



1010 

146 

85 

925 

134 


(O* ± 45*lrt 




348 

50.6 





501 

72.6 




— 


486 

704 






445 

644 

20-Wodi 

I0*ll2 

1150 

167 


703 

102 

Ambient Age 

1210 

176 


690 

100 


1280 

186 


827 

120 



1210 

176 

103 

740 

107 


10* ± 45*1^ 


— 


523 

75.9 



— 


703 

102 




— 


590 

854 






605 

87.8 

52-Week 

[0*ll2 

1290 

187 


869 

126 

Ambient Age 

1180 

171 


931 

135 


1100 

159 


1020 

148 



1190 

172 

101 

940 

136 


10* ± 45 •1,2 


— 


537 

77.9 



— 


523 

75.9 




— 


458 

66.4 


73.4 


% 


106 


75 


106 


81 


84 


111 


107 


93 


506 


The effects of the inoistwe expoeurw on the polyunide •peciineiiawBw 

ins t hy" for the epoxy systems. Some decreases in flexural strength of tte cro^lied mataial 
were observed at 450 K <350 " F) after the 24-hour water boil and 6-wedt humidity test^ but no 
significant effects waw obsoved as a result of the 20- and 52-wedt ambient ages. 

Fiber reinforced resin matrix composites (particularly epoxi^l absorb rooi^ from ^ 
atmosphere. This absorptxm causes two basic proUems. ue^ tawes in “^IIL******^ 

mechaLal properties and, 2) changes in physical dimensions. The epcts are m^ rev^^ 

in that beat or vacuum will drive off the moisture and will return the composites to Uieir d^ 

control properties and dimensions. The absorption of mobture primary occurs m the resm 

matrix, andSew^ting changes in composite mechanical and physi^ pn^ierties « 

of this absorption by the resin. Therefore, the type of reinf^i^ doM 

the moiatt« effects. This was seen in the results presented ea^ m t^ ^ 

graphite reinforced epoxies exhibited considwable pri^ierty d^;rad»tion frwn the absorbed 

moisture. 

Tbe general moisture problem was discovered by General Dynamic Div^n 1970 

(ref. 5 and 21). The problem manifested itsdf initially by unusually low longitudmal flexure 
atrensth at 450 K (350* F) in G/E after short terms of aging at ambient temperat^ sM 

ExtaMiv. .ork o. tW. prokfem InL 311 W to th. 
CTnyh 3 .iL that the cause of the problem was plasticization of the epoxy ream by moisture, 
SS^subsequently lowers the glass transition temperature of the resin. Tlw high tem^tiw 
composite properties generaUy affected by moisture absoiptioo are shev sUeng^^ 
modulus. e<£ecom^ive strength, bolt bearing and flat-wise^ile s^gths. Sm« the im- 
tial work at General Dynamics Convair significant efforts have b^ made and are still m prog- 
ress at several labootories in this country to determine moists effects on m«han^ 
properties of polymer matrix conqiosites. Many of these early residts ww pi^entrf mm5 
J[Tu.S. Air rice Materials Laboratory and Society of Aero«p« Maten^ and Process 
Engineers Workshop, which examined the environmental dur^ty of resin 
po^. A summary of the data presented along with the conclusions and recommendations of 
the participants can be found in reference 32. 

9.2 MiTAl MATMX COMPOSHI SYSTU4 

« 9 1 SKOMB4 DBICN AND TiST PROCBMIK. The tensile and interfiber shear specimen co^ 

figiiraUons used for the BtM environmental study were 

^Section 7. Baseline Testing. Afl specimens were machined from 6 ply 

Tensile spedmens were cut from both the longitudinal and tra^e^ directions while the 

interfiber shear specimens were cut from <«ily the longitudinal direction. 

In addition to determining the susceptibility of B/Al composite material to rorrosion and 
atmospheric contaminants, an objective of the study ^ to evaluate an el^at^ 
corrosion protection system for B/AL In previous work at General Dyna^ Convair (ref. 33) 
it was found that B/Al composite materials are somewhat more susceptible to corrosion t^ 
aluminum structures. especiaUy at the edges, where both boron arid ahinmum are expose to 
the corrosive environment. In these same studies, effective corrosion resistance was achieved 
bv a paint finish system applied over a chemical film treatment. These systems^owever. ^ 
effective to only approximately 422 K (SOO* F). somewhat below the range desired for the SCR 
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application. Later work on a corrosion protection system for B/Al composites serviceable up to 
589K (600* F) was als» accomplished at Convair (ref. 34). While not completely effective in 
preventing corrosion of the aluminum, the polyimide, silicone, and fluorocarbon 
systems studied showed promise. Using these results as a starting point, a limited test pro- 
gram was conducted to develop a coating for use on these environmental exposures. The Hnish 
system that was selected consisted of a chemical conversion coating followed by an epoxy 
primer and a pol 3 dnude topcoat. Before the chemical conversion coating, the specimens were 
degreased, alkaline cleaned and deoxidized. The epoxy primer was applied over the chemical 
conversion coating and allowed to dry. Ahiminum powder pigment (5% by weight) was added 
to the polyimide luting Mterial before application over the |»imer. Aft«- application of the 
ahimiiuzed pol 3 dmide coating, the specimens were cured at 436 K (325® F) for 14 hours. This 
coating has a maximum use temp«ature of about 589 K (600® F). Half of the B/Al specimens 
used for the environmental exposure tests were coated and the other were bare. 

Paintea redwood racks were made to hold the specimens during exposure. The racks were 
placed in an outdoor industrial-seacoast atmosphere, corrosion test facility (Figure 9-2) main- 
tained by General Dynamics Convair on the rooftop of a building in San Diego, California 
approximately 800 meters (0.5 miles) from San Diego Bay. Half of the coated and half of the 
bare B/Al specimens were removed after 10,000 hours fw examination and residual strength 
testing. The other half will be tested after 50.000 hours of exposure in Phase 1 1 of the program. 
Tensile and interfiber shear tests were conducted at room temperature using the procedures 
described in Section 7. 

9.2.2 TIST RESULTS AND DISCUSSION. After 10,000 hours of outdoor exposure no change in 
appearance was observed in the coated B/Al specimens, but the bare specimens all showed 



Figure 9-2 Outdoor Corrocion Tost Facility 
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.vitoKt Of «te.5ive 

the »»coalrf spednKM is clearly ™n* in Fi^ 

The resuluot post eiposinetei^s^s^'^^J^'’J^^^*^S^i„„uil aging 
typical values of the uncxposed those used for the baseline tests. No effects to 

sSSdinens were from dii^^ S^observS for the coated samples. For the uncoated 
either tensile "*' ****“ found in the transverse tensile strength and the shear 

MtS*conSeTpro^rtL. ”” 

longitudinal tensile, a fiber controlled p«^>«i;y. 

To check the extent and for the coated 

and coated specimens complete protection, 

specimen after the 10-0<» ^ revealed extensive intergranuto 

Examination of Ae unc«t^ "T^^rd^Sth^f apwin« 0.00007 m <0.003 in.). ^ 

also (Scurred near one of the boron filaments. 

The uncoated interfiber shear the aSS^ 

the test faculty so that the appro^ one-third. 

phere. These specimens showed . re-m^ing Slf of each of the three faiW 

a second set of shear the test Lea had been exposed and sub- 
specimens. For these gf these specimens. Table 9-5, was only slightly 

jSSto corrosive attack. The s^ s^^^th^^^^ these tests is 

lower than the coated the machined surfaces at either end of the shw- 

one in which stress environment, the subsequent corrosion 

ing regions. If these surfaces are mcpos^ to * obtained from undamaged 

cracks can initiate faUures to ha^S^ responsible for the significant 

S^hI^ir“.SS.SS.Tf th. notd. b.f«. - riur »Po»»« 
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Figure 9-3 Corrosion Rockt Contolning Unidlrocllonal l/AI Spocimont— ioforo Ixposuro 









Tabu 9*4. TonsiU Dota for Baro ond Cootod [O^]^ B/AI Aftor 10.000 Hours of Afmosphoric ContuminorlTs 
E:^posuro in on lndustriof*$oocoast Environmont 


Condition 

Oriontation 

Strength 

MN/m> (kti) 

Typical Strength 
Unoxposod 
MN/m2 (kfi) 

Bare 

[90*»] 

121 

17.6 





127 

18.4 





134 

19.5 





127 

18.5 

152 

22 

Coated 

[90*] 

176 

25.6 





156 

22.7 





167 

24.2 





166 

24.2 

152 

22 

Bare 

[01 

1410 

205 





1400 

203 





1560 

226 





1460 

211 

1450 

210 

Coated 

[01 

1500 

217 





1500 

218 





1390 

202 





1460 

212 . 

1450 

210 


Tabu 9-5. Shoor Doto for Boro and Cootod [0^]^ B/AI After 10,000 Hours of Atmospheric Contaminants 
Exposure in on Industriol-Seocoost Environment 

Condition 

Orion totion 

Strength 

MN/m> (ksi) 

Typical Strength 
Unexposed 
MN/m2 (ksi) 

Bare, Machined 

[01 

82.0 

11.9 



Before Exposure 


75.2 

10.9 





77.2 

11.2 





78.1 

11.3 

no 

16 

Bare, Machined 

[01 

109 

15.8 



After Exposure 


102 

14.8 





106 

15.4 





106 

15.3 

no 

16 

Coated 

[01 

119 

17.3 





108 

15.7 





97.2 

14.1 





108 

15.7 

no 

16 
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SECTION 10 
CREEP TESTING 


The objective of this task waa to determine experimentally the creep and rupture 

behavior of the four advanced composite materiaU selected for evaluation in the ^ 

Axial crera tests wwe performed at two temperatures for eqMsure tunes of 100 and 1000 
hours for each system. The two test temperatures were the proposed mamum uro temper- 
ature for each material and one selected lower temperature in the potential application range. 
Results obtained during Phase I of this contract study have since proven these proi^ max- 
imum use temperatures to have been overly optimistic for all four composites. The *o^ ^ 
peratures were, however, weB chosen, and agree quite closely wiA those us^ for the flight 
^Illation tests. Creep properties were determined for two layups, unidirectional ^ 
[O* ± 45*1, crossply. of enf-h materiaL All specimens wwe taken from 6 ply laminates. The 
creep/creep rupture test program is su mm a r ized in Table 10-1. 

ToW* 10-1. Summefy of Croop/Croop ■wphiro Tort Proven 



Lomlnot* 

T«mp«rotMr» 

Hum 

Number of 


OrlGfitoHofi 

K 


(hr) 

Spodmoni 

B/E 

(0« ± 45 »1, 

394 

250 

100 

1000 

2 

3 

- 


450 

350 

100 

6 





1000 

1 


[0*l6 

450 

350 

100 

4 




1000 

2 

GfE 

[0« ± 45-1, 

394 

250 

100 

1000 

5 

2 



450 

350 

100 

4 





1000 

1 


lOls 

V 

250 

100 

1000 

5 

1 



450 

350 

100 

4 





1000 

2 

G/PI 

[0“ ± 45 “1, 

505 

450 

1000 

6 

561 

550 

100 

6 


[0*l6 

505 

450 

100 

6 


561 

550 

100 

6 

B(Al 

[0« ± 45*1, 

505 

450 

100 

3 



1000 

3 



561 

550 

100 

3 





1000 

3 


[0*l6 

505 

450 

100 

6 


561 

550 

100 

6 
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It.1 SPEOMEN DKIGN 

No standard specinien for creep testing of composites had been mtablished at Ae tinw the 
creep testing task was initiated. Previous work at General Dynamks Convair (ref. 21 and 
with a straight sided specimen similar to that used for tensile testing had given g^ rMuIte 
for material with no fibers aligned in the loading direction. For spedinens with fi^ m the 
direction the high loads required resulted in frequent bond failures in the end (^blers. 
A slishtly modified specimen was used for this prc^ram. To reduce misaligi^nt and ens^ 
j/yiding the grips were changed from wedge to pin lowkd. Tapoed titanium dwblers 
were bonded to the ^p areas to minimize stress concentrations. The length of the specimens 
was such that it would help prevent premature grip faflures Iqr perrotti^^ 
extend outside the furnace. A length of 0.56 m(22 in.) was sdected, and tteB/E ai^ B/Al sped- 
mens wwe prepared. No probtems were encouhtar^ mth bond fUlures m the B/E q;>eciiiM^ 
but four of the B/Al specimens failed prematurely in the doubler bond^ ^ heati^ of^ 

adhesive during testing was thou^t to have contributed to the problem, the length of the 

and G/PI specimens was increased to 0.71 m (28 in.) to further extend the grip en^ outside the 
furnace. While the longer specimen undoubtedly hdped, the combination of high k^s and 
temperatures also resulted in several bond failures in both the G/E and G/PI systems. The con- 
figuration of the creep specimen is shown in Figure 10-1. 


It.2 TEST EQUIPMENT AND TEST PROCEOUIE 

AO croM) tests were performed in air using Arcweld Creep Testing Machines, Model JE. 5440 
kx (12 000 Ib) or Model EE, 9070 kg (20,000 lb), and Arcweld Power Positioning Furnaces. 
Model F8. The furnaces are 0.43 m (17 in.) in length with 0.064 m (2.5 in.) diameter ceramic muf- 
fle tubes in which the specimens are radiant heated. The resistance heated furnaces have three 
zones that can be manual^ adjusted to minimize t«nperature gradients along the central teat 
section of the specimens. A centrally located viewing port is available for optical nwasurfr 
ments. Temperature control for the furnaces is provided by Wheelco controllers using chromel- 
thermocouples inserted through the wire heating elements and in contact with the out- 
side of the muffle tube. The test temperature was measured with three chromel-alumel thermo- 
couples attached at 0.0444 m (1.75 in.) intervals to the gage section of the test specimen wito 
high temperature fiberglass tape. Temperature variations at any one location were gener^ 
less than ± 1 75 K (3* F) while temperature uniformity along the 0.0889 m (3.50 in.) section 
was generally maintained to ± 2.8 K (5“ F). Strain measurements were made with an optical 
method employing a pUtinum sUding-strip extoisometer mechanically attached to the 
specimen. The optical equipment consisted of a Gaertner filar micrometer 50X magnification 

microscope mounted on the lurnace and sighted throu^ the centrdiriewing port. lUumination 

of the pla ti"M"i extensometer was provided by a lanqi system within the microscope. 

A creep machine and furnace with a specimen in test is shown in Figure 10-2. A closeup view of 
the Gaertner microscope in place on the furnace can be seen in Figure 10-3. Figure 10-4 shows 
the platinum sUding-strip extensometer atUched to a composite specimen prior to loading into 
creep testing apparatus. Also visible are the chromel-ahimel thermocouples. 


Prior to testing, the resin matrix composite specimens were dried at 394 K (250“ F) for 24 
hours. The specimen dimensions were measured, and the creep machine loads were calcula^ 
for the particular stress level desired. Fiducial marks were lightly penciled at 0.0508 m (2 in.) 
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Fl9«« I(M wW, WoHnum $IWl«f Strip «hI Tl^cmocowplw AthKh^l 

intervals in the region where the platinum extensometer was tn h» nttAoiw>/i ^ * j 

mine the total strain by before and after measS^nS^t^S 

ments were later discontinued when the scatter in thfrea^gs foul^to^^ tTf 

^ ^ during^ testing. Hh. pIMinnm nitensonilU^ 

then carefully loaded through the preheated furnace and attachedto thp puUrods. was 
A snndll^. 0A5 fg.! ibi. 

f k was fc^sed and positioned on the platinum extensometer The full load 

was then gradually appbed. and strain measurements were begun immediately. The elapsed 
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Hm» between the initial small load application and the full load application was ^iproximately 
0.25 hour. The difference in measurements between zero and full load is due to e^tic strain. 
These values are shown on the individual creep curves but are not reported in the total strain 
values presented in the tables. Optical measurements were continued for either 100 hours or 
fw 1000 hours or until specimen failure. At the conclusion of the tests for those specimens that 
did not fail the load, except for 0.45 kg (1 lb), was removed, and a final strain measurement was 
reonded. The final measurement was genei^y not made at exactly 100 or 1000 hours because 
of a one shift operation in the testing laboratory. Consequently, the creep curves are plotted 
out to the of the last measurement. The values listed in the data tables for tot^ creep 
strain, however, have been, when possible, taken from the cre^ versus time curves at ather 
100 or 1000 hours. ~ " 

10.3 TEST HESULTS AND DISCUSSION 

The creep testing program, which is summarized in Table 10-1, consisted of 100- and 1000-hour 
tests at two temperatures and two layups for each of the four material systems. The data are 
presented in tabular form and as creep strain versus time curves. The dastk strain values 
obtained during loading are shown on the individual creep curves but are not reported in the 
total creep strain values presented in the tables. Also shown on the creep curves are the strain 
values after unloading at the conclusion of a test in which faflure did not occur. The difference 
between the initial full load strain and the final unloaded strain should be equal to the perma- 
nent plastic creep strain. However, as a result of the very small creq> strains obtained in these 
tests the agreement was generally poor. Only for the (0* ± 45*], crosspUed B/Al and B/E was 
the agreement reasonably close. Again, these values were not reported in the tabular data but 
can be obtained from the creep curves. 

The specimens that failed during load application and for which no curves could be drawn are 
in the tables. Also noted in both the tables and on the curves are the spedmens that 
failed during testing or that experienced doubler bond feihires during testing. 

10J.1 BORON/EROXY. Results of creep testing of B/E at 394 K 1250“ F) and 450 K (350“ F) are 
listed in Table 10-2. Data are presented for 18 specimens. 

Creep strain versus time curves are presented in Figures 10-5 and 10-6 for cro8q>lied material 
at 394 K (250“ F), in Figures 10-7 through 10-9 for unidirectional material at 450 K (350“ F), 
and in Figures 10-10 and 10-11 for crossplied material at 450 K (350“ F). 

The data show that the amount of creep obtained in B/E material with boron filaments aligned 
in the direction is very small No specimen gave values of more than a few tenths of a 

pocent of permanent creep strain. For example, specimen AC5-8 (croeqilied) exhibited only 
0.13% creep in 1000 hours at 394 K (250“ F) when louled at 79% of tlw average ultimate tensik 
strength, and spedmoi AU5-6 (unidirectional) exhibited only 0.27% creep in 1000 hours at 450 
K (350* F) when loaded at 88% of the avoage ultiinate tensile strength. ^Mdmais that failed 
prior to mmpleting 100 houTS of exposure ahw underwent very little cre ep as indicated by 
measurements just before fracture. See, for example. Figures 10^ and 10-9. One specimen. 
AU5-3. Figure 10-7, did show a sharp rise in the creep curve before faflure, but the total creep 
strain was still less than 0.2%. Before-after measurements were not successful in determining 
the total creep strain of failed specimens. For spedmens that fractured in the gage section the 
combination of low creep strain and the difficulty of accurate fit-back of the failed specimen 
halves made the measurements unreliable. 
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TobU 10-9. Summary of Croap Tost Rosults for C/E 
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I Lout measurement prior to failure 
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during loading. These failures, however, occurred at stresses well bdow the scattw band ob- 
tained in the baseline test progranL Differences in material strengths were not the cause of the 
premature bulures because both the baseline and the creep specimens wwe all cut from the 
same panel, LRC-IOA. Of the three specimens that fruled on lading, one fruled at the center, 
the second failed in two locations — at the center and approximate^ 0.04 m (1.5 in.) from the 
top doubler, and the third, also failing at two locations, at the edge of each doubW. It may 
have been the rapid application of load that led to the eariy failure of these specimens. The 
loads were added in incremental steps of 181 kg (400 lb) to reach a value of slii^tly more than 
907 kg (2000 lb). 

10.3.3 CtAPHITE/POLYIMIDE. Results of creep testing G/P! at 505 K (450” P) and 561 K 
(550” F) are listed in Table 10~4. Data are presented for 24 specimens. 

Creep strain versus time curves are presented in Figure 10-22 for unidirectional material at 
550 K (450” F). in Figures 10-23 through l(h27 for crossplied mat«ial at 550 K (450” F), in 
Figures 10-28 and 10-29 for unidirectional material at 561 K (550” F). and in Figure 10-30 for 
crossplied material at 561 K (550” F). 

Creep strain values obtained for the G/PI system at both test temperatures were also very low. 
For only one specimen, DC5-1 (crossplied), was a value greater than 0.1% recorded. F.Mmpl^ 
of the small creep extensions that were measured are the 0.03% c re ep for apwrimen DU5-1 
(unidirectional) in 100 hours at 550 K (450” F) when loaded at 85% of the average ultimate ten- 
sOe strength and the 0.07% creep for specimen DC5-8 (crossplied) in 100 hours at 561 K (550* 
F) when loaded at 91% of the average ultimate tensile strength. 

The data obtained for the G/PI system were somewhat limited because of several doubler bond 
failures in the unidirectional specimens. These were caused by the combination of high shear 
stresses in the adhesive because of the high applied test loads and heating from the furnaces. 
Several specimens faUures abo occurred during application of the loads at the beginning of 
testing. In like manner to the G/E loading failures, the G/PI crossplied specimens failed at 
stresses within the baseline tensile data scatterband while the unidirectional specimens failed 
at stresses slightly below the baseline scatterband. 

10.3.4 BORON/ALUMINUM. Results of creep testing of B/Al at 505 K (450” F) and 561 K 
(550” F) are listed in Table 10-5. Data are presented for 24 specimens. 

Creep strain versus time curves are presented in Figures 10-31 and 10-32 for unidirectional 
material at 505 K (450” F), in Figures 10-33 and 10-34 for crossplied material at 505 K (450” F), 
in Figures 10-35 tluough 10-37 for unidirectional material at 561 K (550” F). and in Figures 
10-38 through 10-40 for crossplied material at 561 K (550” F). 

Creep strains measured for B/AI specimens were somewhat higher than for other systems but 
were still quite small. The unidirectional material gave values less than 0.2% with the 
crossplied material reaching a maximum value of only 0.31%. Several failures were recorded 
during test prior to completing the required 100- or 1000-hour time periods. There were also 
several doubler bond failures in the more highly loaded unidirectional specimens. These 
failures, both in the B/Al composite material at each test temperature and in the doubler bonds 
at 561 K (550” F). occurred at stress levels above approximately 85% of the average ultimate 
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TobI# 10-4. Summoiy of Croop Tool Roouitt for G/PI 
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measurement prior to failure 


tensile stren^h for the 505 K (450® F) tests and above approximatdy 75% for the 561 K ' 

(550® F) tests. One specimen, EC5-12, failed during loading at a stress level, 421 MN/m^ 

(61 ksi), slightly below the average ultimate tensile strength, 439 MN/m2 (63.7 ksi), of cross- 
plied B/Al at 561 K (550® F). The specimen had been mistakenly identified as an unicfiiectional 
specimen and was intended to have been tested at a much highpr 

The conclusion drawn fix»m creep testing of the four composite matenals is that boron or 
graphite filament reinforced materials with 0® plies aligned in the directkm of loading ond«go 
very little creep even at stress levels that result in fracture in short exposure times. Because of 

the low creep strains observed in these materials, it would appear that stress rupture tests 

coaM well be substituted for creep measurements. A plot of creep stress versus time for 
various creep strains from 0.05% to rupture would likely show a family of curves were 
very closely spaced. Since the expense in obtaining creep data is far greater than that for 
stress rupture testing, a considerable savings coulc* he realized. 
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FIgur# 10-22 Cr««p Strain for [0^]^ C/PI of 505 K (450^ F) 
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FIgur* 10-23 CfNcp Strain for [0^ ± 45^], G/Pi at SOS K (450^ F) 
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Figuro 10-24 Croop Strain for [0® ± 45®], C/PI at 505 K (450® F) 
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FIgur* 10-25 Cr^p Stroln for [0<> ± 45®], C /PI at 505 K (450® F) 
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Figure 10-27 Crmmp Stfoln for [0« ± 45o], C/FI of 505 K (450<> F) 
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TqbU 10-5; Summary of Croop Tost Roiults for B/Al 
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^Last measurement prior to failure 
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FJgur* 10-31 Cr—p Strain for [0®]* 8/AI of 505 K (450® F) 



FIgura 10-32 Cro«p Strain lor [O®]^ B/AI of 505 K (450® F) 
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Figaro 10-34 Croop Stroin for [0^ ± 45^]^ B/AI of 505 K (450^ F) 
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SECTION 11 

BASELINE FATIGUE TESTING 


Fatiime testing made up a significant portion of the SCR study with four distinct pa^: 1) coit 
ventional constant amplitude tests at room and elevated , 

unflawed test specimens; 2) constant amplitude tests on material that survh^ 10.0OT hours of 
flight, simulation exposure; 3) short-term flight simulation testa (rmd^ fati^ lo^. ^ 
^t elevated temperature) of 100 and 200 hours; and 4) long-term ^t simulation (random 
fotigue loads, cyclic temperature) for 10.000 hours. The constant amphtude t^ ot ™^“d 
mato^ characterize the composites. Tests after exposure to 10.0TO hours of fh^t sta^tion 
nravide data to compare the residual fatigue properties to original properties, m shortterm 
flight! simulation tests generate wearout analysis modd data necessary to set the strws Im ^ 
Ste long term flight simulation tests. FinaUy. the long-term tests provide dato on the^ect 
of 10 000-hour simulated supersonic flight service environments for each ctHnpoa^ sy^m. 
The bulk of these tests, those that serve as baseline for later comparison^ were ^oi^ on 
unexposed composite materials. It is these tests ttot are desaibjd m this sectioiL In some 
caaes, the data were available in the Uterature. and no additional t«te were reqi^ As a 
result of considerable early testing and extensive use. the B/E material fitted this category and 
only limited testing was necessary (ref. 35 and 36). 

Test parameters that were considered in the baseline constant amplitude fatigue tests w^ 
1) specimen layup, 2) specimen configuration, 3) test temperature, and 4) st^ ratio. 
Sm^ens of both unidirectional and [0» ± 45^ crossply layups w^ ei^t^ All test 
sp^na were loaded in the direction of the 0« ^rs. Flawed ^un&wed speomens w^ 
The flawed specimens were fabricated with a center hde having a ^amet« equal to 
one-fourth of the specimen width. For isotropic material a spedmen with thu configuration 
would have a theoretical stress concentration factor, Kj, of 2.43 fcef. 23). Tedang in- 
ducted at room tenqierature for all systems and, in addition, at 450 K (350* R fw G® and at 
505 K (450* F) for G/PI and B/AL Fatigue tests were performed at stress ratios (R) of 0.1 ana 
—1 where R is as the algebraic ratio of the minim u m stress to the m a xim u m stwsa m 

one’cycle (thus loading for the R = 0.1 tests is tension4ension while for R =» -1 the loadmg is 
fnlly reversed tension-compression). 


In to the baseline tests described above, two other fatigue studies are included m this 

The first was a limited program to investigate the effects of stacking sequence on 
fatigue strength of the (0* ± 45*] family of laminates. The second was a determination of 
Poisson's ratio of specimens after 10 million fatigue cjrcles (runouti. 


11.1 SPECIMEN DESIGN 

Specimens tested at a stress ratio. R, of 0.1 were fabricated fnm 6 p|y [0"|g and [0* ± 45*], 
For R = — 1 tests, where compressive as wdl as tensile loads are apphed, a thicker 
specimen was used. Information obtained from IITRI (private co mmunic ation from K.E. 
Hofer. 1973) indicated that fatigue testing 6 ply composite matarial at R = -1 gave unreliable 
results. The problem was relat^ to compressive buckling and could be ovo-come by the use of 
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thicker material For this reason the R = -1 specimens were cut from 12-ply [0®li2 and 
[0° ± 45‘’],2 laminates. Cutting, hole machining, and doubler bonding techniques were those 
described in Section 5. Details of the specimen geometry f<n- the various configurations and 
test conditions are listed in Table 11-1. The length of the R » 0.1 specimens that woe tested at 
elevated temperature was twice that of the room temperature specimens to allow the ends to 
extend weU away from the furnace during testing. With this technique doubler bond failures 
were eliminated. Because of the compressive loads present during the R = — 1 testing it was 
not feasible to extend the length of these specimens for the elevated temperature conditions. 
Doublo: bond heating of these specimens was minimized by reducing the size of the furnace as 
d«wribed in Section 11.2. The widths of the various specimens were the same as those chosen 
for the baseline unnotched and notched tensile tests (Section 7) except that the R ^ — 1, 
iinnr>rrh«»ri specimens were all 0.025 m (1.0 in.) in the fatigue tests rather than 0.013 m (0.5 in.). 

TabI* 11-1. DatQil* of Fotigiio Spocimon Coomotry 


Sp«cim«n 

Cofifl 9 urafion 

R 

Valu* 

Itf 

T«mp#rohir« 

ThkknMi 

(WIM) 

leufth 
m (in.) 

width 

m (In.) 

rH9w9 

Diometer 
m (In.) 

Teat 
Sectloii 
m (in.) 

U nnotched 

0.1 

R.T. 

6 

0.23 9 

0.013 0.5 


0.10 4 


.1 

Elevated 

6 

.46 18 

.013 0.5 

— 

.33 13 


-1 

R.T. 

12 

.10 4 

.025 1 

— 

.013 0.5 


-1 

Elevated 

12 

.10 4 

.025 I 

— 

.013 0.5 

Notched 

,1 

R.T. 

6 

.23 9 

■025 1 

b.0064 0.25 

.10 4 


.1 

Elevated 

6 

.46 18 

•.025 1 

^.0064 0.25 

.33 13 


-1 

R.T. 

12 

.10 4 

.025 1 

.0064 0.25 

.013 0.5 


-1 

Elevated 

12 

.10 4 

.025 1 

.0064 0.25 

.013 0.5 

•for B/Ak 0.013 (0.5) 







bfor B/Al: 0.00318 (0.125) 







11.2 TEST EQUIPMENT AND TEST PROCEDURE 

All tests were performed on Baldwin-Sonntag SFIU and SUlOU fatigue machines at a con- 
stant frequency of 30 Hz. Both grip ends of the specimens were placed between two L-shaped 
steel fixtures that were bolted to the machine loading platens. The specimens were secured to 
the steel plates by two .013 m (0.5 in.) diameter bolts that straddle the edges of the grip ends of 
the specimen. To further increase the gripping power of the fixtures, a special abrasive cloth 
(Bay State Gritcloth. size 320 grit) was placed at each specimen-to-fixture interface. This cloth 
had two beneficial features for a secure grip: 1) the open weave design, which increases the fric- 
tional holding force, and 2) the abrasive coating on both surfaces of the cloth, which becomes 
embedded in the contact surfaces of both the fixtures and tabs. The two bolts were torqued to 
a level that just secured the specimen, the alignment of the specimen was carefully checked to 
ensure axial loading, and final tightening was completed. Figures 11-1 through 11-3 show one 
of the fatigue testing machines and close-up views of the gripping fixtures with both R = 0.1 
and R= — 1 specimens in place. 
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Figuf* 11*2 FolIgM# SpMinwn Mounted In Gripping Fixture for R = 0.1 Text at Room Toaporotwre 

For elevated temperature tests of the R = 0.1 specimens a 0.15 m (6 in.) longdamshell furnace 
was used. The length of the specimens was such as to allow the ends to extend <mt of the fur- 
nace far enough to prevent excessive heating of the doubler adhesive. This factor and the 
excellent gripping power of the end fixtures combined to eliminate doubler bond failures at 
elevated temperature. Figure 1 1-4 shows the furnace arrangement with a specimen loaded in 
the fatigue machine. Temperature was controlled to ± 3 K (± 5® F) with a Minneapolis 
HoneyweU Brown Electronik controller using a chromel-alumel thermocouple atached to the 
specimen at the center of the gage section. 

For the R = — 1 specimens a much smaller furnace was required for the ele\'ated temperature 
tests because of the limited amount of space available between the gripping fixtures. Most 
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tests were conducted using a small ring furnace of the type shown in Figure 11-5. This could be 
used on all tests that were run in the smaller SFIU fatigue machine but not in the larger 
SFlOU because of space limitations. The unidirectional B/Al specimen loads were such as to 
require the larger SFlOU fatigue machine. For these specimens a successful technique for 
elevated temperature testing was develcqied by using a flexible heating tape, which was 
wrapped around the short test section of the specimens. The heater was 0.61 m (24 in.) in 
length, 0.013 m (.5 in.) wide, rated at 200 watts and had a maximniw use temperature of 873 K 
(1112** F). Figure 11-6 shows a specimen with the heating tape in place ready for test. 


Prior to testing, the resin matiix composite specimens were dried at 394 K (250° F) for 24 
hours. No baking of the B/Al specimens was required. The specimen dimensions were 
measured, and the static and d 3 mamic loads calculated for the particular stress level and R - 
value desired. The notched stress values were based on net section, Le., width minus hole 
diameter. After loading the specimen in the machine and carefully checking the alignment, the 
load levels were set, and the test initiated. The tests were continued to failure or until a max- 
imum of 10 million cycles was obtained. The number of load cycles was measured with a 
counter driven by the motor rotating the dynamic load. This counter had a least count of KXK) 
cycles so that any failures below this value were not registered. Nine specimens were tested for 
each combination of: 1) material system, 2) laminate orientation, 3) specimen type (unflawed or 
flawed), 4) R value, and 5) test temperature. The test data were plotted on semi-logarithmic 
paper to obtain the characteristic S-N curves. 
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InitiaUy the S-N curves were drawn to show a straight line of best fit of the ^ihts as 
determined by linear regression analysis. The high degree of scatter in some of the sets 
and the uncertainty of how to input the runout specimens often gave S-N curves that did not 
appear to be consistent with those from data sets with little scatter. For this reason the 
m^hod was changed, and all curves have been drawn by hand. They are intended only as eye 
pointers to the. at times, rather scattered fatigue data. 

11.3 TEST RESULTS AND DISCUSSION 

The overafl baseline fatigue testing program is summarized in Table 11-2. This table show the 
number of specimens and stress ratios that were employed at each test tempoature for the 
four material systems. Of the total number of test specimens shown in Table 11-2, all are m- 
cluded in the data presented in this section although a few are not valid because of eqiupmoit 
malfunctions, doubler bond failures, or incorrect test loads or temperatures. These 
are identified in the tables and figures. The data are presented in both Ubular fmm and as S-N 
curves, one for each stress ratio and temperature. 

Table 1 1-2. Summary ol Foligiia Tost Program 


AAot«Hal 

Sy«t«fn 

Lcmlnot# 

OriefitoHon 

Spedmen 

CofiBgurotion 

7f7 K 
K = 0.1 

Numbor of Tosts par Strost RoHa 
(75» f) 450 K (350® F) 505 X (450® F) 

-1.0 0.1 -1.0 0.1 -1.0 

B/E 

[0* ± 45 "1 

Unnotched 

5 


... 

— 

— 

— - ■ 



Notched 

5 

— 

— 

— 

— 


G/E 

[0* ± 45”] 

Unnotched 

9 

9 

9 

9 

— 




Notched 

9 

9 

9 

9 

— 



(0*1 

Unnotched 

9 

9 

9 

9 

— 

— 



Notched 

9 

9 

9 

9 

— 

— 

G/PI 

[0” ± 45 “1 

Unnotched 

9 

9 

— 

— 

9 

9 



Notched 

9 

9 

— 

— 

9 

9 


10 ”1 

Unnotched 

9 

9 

— 

— 

9 

9 



Notched 

9 

9 

— 

— 

9 

9 

B/Al 

[“ ± 45*1 

Unnotched 

9 

9 

— 

— 

•9 

9 



Notched 

9 

9 

— 

— 

«9 

9 


[0*1 

Unnotched 

9 

9 

— 

— 

*9 

9 



Notched 

9 

9 



•9 

9 

•Test Temperatxire was 561 K (550®) 




- 




n.3.1 BORON/EPOXY AND GRAPHITE/EPOXY. Because of the large amount of testing previ- 
ously conducted by others on the B/E system, no baseliire fatipe testing was required. 
However, to determine more precisely the effects of the flight simulation exposure it was 
desirable to have baseline fatigue data from this same batch of material using the same 
specimen configuration and test technique as used during the post exposure evaluation. For 

t til'll reason baseline fatigue data were determined for B/E for the same test conditions and 

specimen configurations as were later used in evaluating the B/E fli^t simulation specimens 
after 10.000 hours of exposure. These were room temperature tests cn unnotched and notched 
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rO“ + 45 “1 crossply material tested at an R value of 0.1. The results are listed in Table 11-3 and 
Sot'J.i to VSSYiT W slopes of the S-N CPTV« quit, ^tterent f 
configurations. The notched material has a relatively flat curve l^g near 414 MN/m^60 kst) 
The cur/e for the unnotched material is much steeper, with fatjgue strengths below 10 
cycles greater than the notched specimens but with lower strength for hfetunes greater than 
105 cvcles. 


TobI# n-3. Axiol Fatigu# Data for [0® ± 45®}, B/E, R - 0.1 


lost 

Spaclman Tomparotura Spoclmon 
Numbar K (®F) Typa 


AC721 297 75 Unnotched 

-2 
-3 
-4 
-5 

AC71-4 297 75 Notched 

-5 
-6 
-7 

-8 -- - - - 


Moximum 


MN/m> 

(ksi) 

Cydas 

Comma4fs 

414 

60 

227,000 


448 

65 

31.000 


345 

50 

3.534.000 


483 

70 

«.000 

Did not fail 

310 

45 

10.U6.000 

345 

50 

10.090.000 

Did not fail 

414 

60 

1.386.000 


483 

70 

<1.000 


431 

62.5 

462.000 


448 

65 

<1,000 
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For G/E . compile of f.^e uot, «« 

through 11-11 Md ooiiSihSeS^ included. In the discussion of the fatigue data, 

S-N curves the mdividual data pomts have^n me: ^ ^ 

points have been omitted for clanty. 

Several^mte 

those run at R values of 0.1. Generally, tne e _ j, j 3 gQo p» ^Iso 

bUgu. oueogtt. ^ 

cms«f a drop in alraog^ mmotclaa) and notched 

at room temperature and stress ratios of R O.i 1 to be much lower than 

UT^Otched oj— a:id%« a**o 11-18 and 11-19 for testing at 4M K 



» 

„#n - m The nresence of anotch is snownioreducethefatigue 

conducted at a stress ratio of R 0. . P p „ _i tests Further, the unidirectional 
rtrength for ^ R = 0.1 The r«»» for this 

notched apedm^ ,* .hi. time, hat may he rdated to the phenomenon of crack 

s:"sSHas==»x^^ 

:sfir.r==s^-lS"Sa£55£K 

twospeda^fi^^theremim^dott 

of the bonding procediw eubstitati^a h^w ^ temperatura. R - 0.1. 

gave satisfacUay results. The second pro f«n«i in the G/E but inside 

unnotched. umdirecti<^ ®**®°^S^t^o have been camSta^rt. by nonuniform dancing 
the doublers.These Murw are tlmugh^ha^^ ^ 

K!^ ,?S!:rl^L.^£^dhmproc,r£^n^ 

specimens. 


one meaaore of the 

which the fa^h^t or 


curves a value of 10’ cycles was used. 

The percentagee of the ultirnate ^ 

gtoope rf O/E epe^m rmd^am^lm^jn 

atT3'SS;2hrf^d noteW conSgurationa. Sinflar teats on unidirectiooal matenal 
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Tobl« 11-4. Axial FoHfiia Doto for [0^ ± 45^], C/E, UnnotcHod, RxO.1 



Tost 

Moxlmum 



Spocimofi 

Tomporoforo 

StfMI 




Numbor 

K (»F) 

MN/ml 

(k»l) 

Cyclot 

Commontx 

BC72-20 

297 75 

414 

60 

11,830.000 


-21 


483 

70 

<1.000 


-22 


448 

65 

<1.000 


-23 


431 

62.5 

12,165.000 

Did not fail 

-24 


448 

65 

<1,000 


-25 


431 

62.5 

340.000 


-26 


431 

62.5 

<1,000 


-27 


448 

65 

1,121,000 


-28 


465 

67.5 

10.140.000 

Did not fail 

BC72-47 

450 350 

445 

50 

1.274.000 


-48 


276 

40 

10.165.000 

Did not fail 

-49 


414 

60 

60.000 


-50 


379 

55 

6,181.000 


-51 


310 

45 

10.000.000 

Did not fail 

-52 


396 

57.5 

1,000 


•53 


362 

52.5 

3,000 


-54 


328 

47.5 

10.000,000 

Did not fail 

-55 


379 

55 

1.000 



ToU* 11-5. Axial Fatigwa Data for [0° ± 4S<>]^ G/E. Unnotchod, R 

= -1 


Tod 

MoxiflHHfl 



Spadmn 

' Tomporotura 

Strata 


Cyclaa 


Nwobo. 

R (“F) 

MN/m> 

(kti) 

Gwnmawtt 

BC72-11 

297 75 

414 

60 

<1,000 


-12 


276 

40 

16.000 


-13 


345 

50 

1,000 


-14 


310 

45 

3,000 


-15 


276 

40 

3,000 


-16 


241 

35 

28,000 

Bond failure 

•17 


241 

35 

5,000 


-18 


207 

30 

87,000 

Bond failure 

-19 


172 

25 

10,400.000 


BC72-38 

450 350 

207 

30 

5.000 


-39 


138 

20 

10.159.000 

Did not fail 

-40 


172 

25 

15.560.000 

Did not fail 

-41 


241 

35 

3.000 


-43 


190 

27.5 

2.131.000 


-44 


207 

30 

38.000 


-45 


190 

27.5 

38.000 


-46 


172 

25 

10.007.000 

Did not fail 

-47 


224 

32.5 

9.000 
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TobU 11-4. Axkri Fotigu# D«fo for [0^ ± 45^]^ G/E, Netchod, R = 0.1 


Spodfiion 

Numbor 

Totf 

Tomporotvro 

K (»f) 

Mmimwm 

SlTMS 

MN/m> (k«l) 

Cyclof 

Commutt 

BC71-10 

297 

75 

276 

40 

10.468.000 

Did not fail 

-11 



345 

50 

<1.000 


-12 




45 

12.723,000 

Did not fail 

-13 



328 

47.5 

10.313.000 

Did not fail 

-14 



345 


10.116.000 

Did not fan 

-15 


- 

379 

55 

15.284.000 

Did not fail 

-16 



448 

65 

<1.000 


-17 



414 


<1.000 


-18 



396 

57.5 

<1.000 


BC71-28 

450 

350 

345 


10.006.000 

Did not ^ 

-29 



362 

52.5 

<1.000 


-30 



379 


1.000 


-31 




45 

13.368.000 

Did not fail 

^2 



328 

47.5 

10.125.000 

Did not fail 

-33 



345 


<1.000 


-34 



345 


26.000 

Failed under doubler 

-35 



345 

50 

<1.000 


-36 



336 

48.75 

<1.000 



Toblo 11*7. Axid FoHguo DM for [O^ ± 45»]^ G/E. Nofchod. R = -1 


Tost 


Moxiimim 


Specfanew 

Nufuboc 

K («f) 

StrMS 

MN/m> (kti) 

Cyd«« 

Commefits 

BC71-I 

297 75 

276 

40 

17.000 


-2 


207 

30 

164.000 


-3 


138 

20 

282.000 


A 


69 

10 

15AISJOOO 

Did not fail 

-5 


172 

25 

127.000 


-6 


241 

35 

24.000 


-7 


207 

30 

4.000 


-8 


103 

15 

17.308.000 

Did not fail 

-9 


121 

17.5 

10.500.000 

Did not fail 

BC7M9 

450 350 

207 

30 

17.000 

- 

-20 


172 

25 

1.000 

Machine malfunction 

-21 


172 

25 

665.000 


-22 


190 

27.5 

434.000 


-23 


155 

22.5 

12.160.000 

Did not fail 

-24 


172 

25 

1.689.000 


•25 


190 

27.5 

670.000 


-26 


207 

30 

89.000 


-27 


155 

22.5 

12.470.000 

Did not fail 
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T-bl. H I. A.I-1 Ft«9^ Dof tor [0ol4G/6.U""O*«»»*<»- » = *>•’ 


T«t« 

T#mp«r«tur» 

K 


Moxtmum 

MN/m* {•‘•I) 


Spocimon 

Numbor 


140 

130 

150 

145 

142 

137.5 

142.5 

145 

140 


Cydo* 

42.000 

17.000 

8.000 

14.620.000 

70.000 

10.184.000 

17.000 

47.000 

19.000 

1.073.000 

10.156.000 

2.000 

5.000 

316.000 

9.482.000 

103.000 

1.000 

8.548.000 


Comments 


Failed under doublor 
Failed under doubler 
Did not fafl 
Failed under doubler 
Did not fail 
Failed under doubler 
Failed under doubler 
Failed under doubler 

Did not fail 


Did not fail 


TabUll*. A*l«IF-H9«*Drrt«tor{0o]„C/I.Unnotch.d.«= -1 


Teat 

Tomperolwre 

K (®F) 


297 75 


Maximum 

Str«M 

MN/m> (W) 


Commenta 


450 350 


<1.000 

10.003.000 

12.000 

3.517.000 

12.592.000 

10.202.000 

3.000 

19.000 

5.000 

<1.000 

75.000 

37.000 

3.000 

31.000 

307.000 

56.000 

3.215.000 

5.269.000 

10.904.000 


11-10. Axiol Fotl 9 U« Data for [ 0 ^]^ G/6, Notchod, t - 0.1 


Spoclmofi 

Numbor 


jMt Moxlmum 

To«iipar«tura Stro»s 

K (OF) MN/m^ (ktl) 


Cyclot 


Commontf 


BU71-10 

-11 

-12 

-13 

-14 

-15 

-16 

-17 

-18 


297 


896 

130 

862 

125 

931 

135 

965 

140 

879 

" 127.5 

914 

132.5 

862 

125 

845 

122.5 

827 

120 


507.000 

1 , 688,000 

36.000 

183.000 

401.000 

26.000 

625.000 
1,116.000 

12,630,000 


Failed under doubler 
Did not fail 


BU71-28 

-29 

-30 

-31 

-32 

-33 

-34 

-35 

-36 


450 350 965 

896 
827 
827 
931 
862 
862 
879 
914 


140 

1,000 

130 

425.000 

120 

65.000 

120 

15.415.000 

135 

1.000 

125 

1.000 

125 

1.071.000 

127.5 

12.143.000 

132.5 

11.050.000 


Did not fail 


Did not fail 
Did not fail 


ToUa 11-11. Axiol Fatlguo Data for [0®]ia G/E, Notchod. * = — 1 


Spodmofi 

Numbar 

Tost 

Tomparohm 
K (-F) 

Moximuiii 

Stroaa 

MN/m> (k«l) 

CycJot 

Commonti 

BU71-1 

297 

75 

827 

120 

<1,000 


.2 



552 

80 

3,000 





483 

70 

10.000.000 

Did not fail 

-4 



517 

75 

25.000 


-5 



500 

72.5 

17.000 





500 

72.5 

35,000 


-7 



517 

75 

14,000 


.Q 



483 

70 

92,000 


V 

-9 



483 

70 

2,382,000 


BU71-19 

450 

350 

552 

SO 

2,000 


-20 



483 

70 

58,000 


-21 



414 

60 

9,770,000 


-22 



448 

65 

2,000 


-23 



448 

65 

5,020,000 


-24 



517 

75 

17,000 





465 

67.5 

448,000 


-26 



431 

62.5 

10.155,000 

Did not fail 

-27 



534 

77.5 

12,000 

— 
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MAXIMUM STRESS PER CYCLE (MN/m ) 


500 

CM* 

^ 

297K(75"F) I 

> .2TESTS 


hh 

^ ^ 

70 

b\ 

1 

a 

M 

^ 

) 

□ 

o 


^400 

UJ 

•J 

> 

u 

oe 

Ul 

2; 300 

a 

UJ 

K 

s 

3 

s 

4S0K I350°K) ? 

r 

' o 



d 

r j 

O 297K |75"f) 
□ 450K (350 F) 





- ^ 

1 

30 

|200 

1 1 1 iiin 

1 1 1 IllU 

— 


1 1 mill 

.6 

20 

.7 


^ 10 * « 
NUMBER OF CYCLES 

eB331>tS3 


Fl^ 1 M -UW ■•-«»«« rf U..«h«l (0. ± 45F], G/J - . «™.. »«h. *. 1 



1M6 


MAXIMUM STRESS PER CYCLE lU) 



MAXIMUM STRESS PER CYCLE (MN/m'l 



11-10 F«1,~ F»o««« - ± e/« - • »"» 



11-11 A.W F«l,~ F»,»rf« rf N«d»d [ 0 » ± 4J-I^ 0/0 « . Sl».. Wto. «. rf -1 


1M7 


MAXIMUM STRESS PER CYCLE Iksi) 





6S33l7>to6 

Figure 11-12 Axiol Fatlgu« Prop«rtf«s of Unnotch«d [ 0^14 G/E at o Stross tatio* t. of t.1 



Figura 11-13 Axial Fotlgua ProparHat of Umiotchod G/E of o Strati Rotio, W, of ^1 
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MAXIMUM STRESS PER CYCLE (MN/m^l 



Fl^ur# 11*14 Axiol Fotigu* Prop«rti«s of Notchod [O^]^ O/E of o Sfrott Rotio, R, of 0.1 



NUMBER OF CYCLES 

653217-169 

FIguro 11*15 Axial Fotiguo ProporHot of Notchod [O^lt] G/E of o SIrots Rotio. R, of ^ 1 


11*lf 


MAXIMUM STRESS PER-CYCLE (MN/m^» MAXIMUM STRESS PEf^ CYCLE <MN/m^l 



Figure 11-14 AM FoHgu« of ± 45<>] G/E of »7 K (7S<> F) 



FIguro 11-17 Axiol FoHguo Froportlof of [0<>] G/E of 297 K (7S<> F) 


11-20 


MAXIMUM STRESS PER CYCLE (kill 





maximum stress per cycle (MM/mn _ ^ MAXIMUM STRESS PER CYCLE {MM/m ) 




Fi«ur« 11-lf A«tal FoM 9 «* Prop#»««* o* [•»! C/f •! 450 K (350® F) 
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maximum stress per cycle (kli) 





T«bl* 11-W- 

lorG/S 


10 ? 


C,d« 


OriMtation 


[ 0 * ± 45*1 


SytlwKH 

coBflr *"***®" 


K W 


foMrn* Slr«»t* «* 

{%) 


10“1 


Unnotched 

Notcl ^ . 

Unnotched 

Notched 

Unnotched 

Notched 

Unnotched 

Notched 

Unnotched 

Notched 

Unnotched 

Notched 

Unnotched 

Notched 

Unnotched 

Notched 


297 

75 

0.1 

297 

75 

.1 

450 

350 

.1 

450 

350 

.1 

297 

75 

- 1.0 

297 

75 

- 1.0 

450 

350 

- 1.0 

450 

350 

- 1.0 

297 

75 

.1 

297 

75 

.1 

450 

350 

.1 

450 

.350 

,1 

297 

75 

- 1.0 

297 

75 

- 1.0 

450 

350 

- 1.0 

450 

350 

- 1.0 


90 

92 

T7 

83 

35 

29 

34 

37 

60 

60 

60 

64 

31 
35 
13 

32 



type oi " 

j *« Also obtained for the G/PI 
rrc /vniviMIDE A complete set of *®***?®^ cnc k (450" F). The results of 

U-31 u, ,ho. .h. e«.« «. 
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Spmclmmn 

Configuration 


fC 

Voluo 


F«tiflii« $fi«igth ot 10^ Cyd«* (% o» F,„) 
Graphita/Epoxy Ahrnilmmi Allay 


[0®±4$«»] [0®] 


2024-T3 7075-T4 


Unnotched 

0.1 

90 

60 

49 

47 

^Notched 

.1 

92 

60 

7 

24 

Unnotched 

-1.0 

35 

31 

29 

24 

•Notched 

-1.0 

29 

35 

16 

13 


■G/E. center notch, theoretical Kj = 2.43 
Al Alloys, edge notch. Kj * 2 


TaU# 1 M 4 . Axial FoHpua Dola for [ 0 » ± 45 ®], C/FI. Unnoldiad. I = 0.1 


Spodmon 

Numbor 


Tost 

Tomporaturo 
K (»F) 


- Mtoximum Strosi 
MN/ni2 (ksl) 


Cyciot 


Contmonts 


OC72-20 297 

-21 
-22 
-23 
-24 
-25 
-26 
•27 
-28 

DC72-47 505 

-48 
-49 
-50 
-51 
-52 
-53 
-54 
-55 


414 

60 

345 

50 

276 

40 

310 

45 

293 

42.5 

310 

45 

328 

47.5 

328 

47.5 

328 

47.5 

345 

50 

276 

40 

207 

30 

310 

45 

241 

35 

259 

37.5 

276 

40 

276 

40 

276 

40 


<1,000 

1,000 

5,622,000 

1,000 

12.045.000 

10.184.000 

3.000 

14.000 

3.000 

1.000 

18.000 

10.008.000 

4.000 

14.974.000 

10.230.000 
6.764,000 

6.000 

30,000 


Did not foil 
Did not foil 


Did not foil 

Did not foil 
Failed under doubler 
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,.w. A...I 


T«*t 

T«mp«r«t«r« 

K (®F) 


Maximum Stru** 

MN/n^ (*“‘1 


75 172 

190 


DC72-38 

505 

450 138 

103 

'ZU 

15 

-39 


69 

10 

-40 


172 

25 

-41 


121 

17.5 

-42 


155 

22.5 

-43 


207 

30 

-44 


241 

35 

-45 

-46 


190 

27.5 


Cy«l«* 

169.000 

77.000 

10.150.000 

15.394.000 

20.000 

56.000 

4.647.000 

1.000 

1.036.000 

2.908.000 

245.000 

10.004.000 
58.000 

10.200.000 

1.419.000 

5.000 

<1.000 

3.000 


Coinm^nH 


Did not fail 
Did not fail 


Did not fail 
Did not fail 


far ro® 45®1« G/FI. Natchud, R — 0-1 
Toblu 11-1*. Axial Forts-* Ooto lor 10- _ « J. 


Sp«cifn#n 

Numb«r 


DC7M0 

-11 

-12 

-13 

-14 

-15 

-16 

-17 

-18 

DC71-28 

-29 

-30 

-31 

-32 

-33 

-34 

-35 

-36 


T«st 

Jmmp^rcU$rm 

K ("n 


Maximum Slro** 
MN/m2 (ksi) 


75 310 

276 


45 

40 

42.5 

45 

43.75 

43.125 

42.5 

40 

43.125 


<1.000 

10.200.rTO 

10.141.000 

<1.000 

3.000 

2.000 

10.175.000 

10.288.000 

15.370.000 

15.375.000 
3.068.000 

14.604.000 
<1.0 '45 
< 1.000 

1.000 

117.000 

6.000 

<1.000 


Did not fail 
Did not fail 
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TobU 11-17, Axiol Fotigu# Date for [i^ ± G/P1, Notchod, t = — 1 


Spocimon 

Numbor 

Tost 

Tomporoturo 

K (®F) 

Moximum Stross 
IMN/m2 (kti) 

Cydof 

CommunH 

DC7M 

297 

75 

41 

6 

10^.000 

Did not fail 

-2 



207 

30 

<1.000 


-3 



138 

20 

462,000 


-4 



121 

17.5 

330,000 


.5 



103 

15 . 

3.421.000 

_ 




138 

20 

114.000 


.7 



172 

25 

1.000 





155 

22.5 

47.000 


-9 



86 

12.5 

12.532.000 

Did not faO 

DC7M9 

505 

450 

103 

15 

2.591.000 


-20 



121 

17.5 

1.137.000 

Did not fail 

-21 



86 

12.5 

10.220.000 

-22 



138 

20 

27.000 


-23 



155 

22.5 

11.000 


-24 



172 

25 

1.000 


-25 



129 

18.75 

60.000 


-26 



112 

16.25 

2.018.000 


-27 



95 

13.75 

2.569.000 



Tobi* 1 l-1t. Axiol Fotiguo Data for [0®]4 G/PI, Unnofehod 

. R = 0.1 

Spocimon 

Numbor 

Tost 

Tomporoturo 

K (®f) 

Maximum Stron 
MN/m2 (k*l) 

CydM 

Commonts 


DU72-20 

297 

75 

758 

-21 



690 

-22 



620 

-23 



655 

-24 



655 

-25 



672 

-26 



690 

-27 



672 

-28 



655 

DU72-47 

505 

450 

690 

-48 



758 

-49 



724 

-50 



724 

-51 



741 

-52 



724 

-53 



776 

-54 



810 

-55 



845 


110 

3.000 


100 

3.000 


90 

17,648.000 

Did not £ail 

95 

9.000 

Bond failure 

95 

10,290,000 

Did not faO 

97.5 

7.000 


100 

2.000 

Bond failure 

97.5 

2.000 


95 

52.000 


100 

10,180.000 

Did not fail 

110 

12.000 


105 

4.000 


105 

17.256.000 

Did not fail 

107.5 

100.000 


105 

12,015,000 


112.5 

3.480.000 


117.5 

70,000 


122.5 

<1,000 



Tabl« 11-lf. Axiol Fotlgu# Dota for [0®]|2 C/PI. Unnotchod. t = ^ 


Spocifoofi 

Numbor 


Tost 

Toifiponituro Woxlmum Strotf 
K (»F) MN/m* (k»«) Cycl«* 


Commofits 


DU72-11 

-1® 

297 

75 

345 

241 

50 

35 

19.000 

8.404.000 

-13 



276 

40 

39.000 

-14 



259 

37.5 

70.000 

.15” 

_ 

— “ 

207 

30 

10.584.000 

-16 



483 

70 

1.000 

•17 



448 

65 

<1,000 

-18 



379 

55 

22.000 

'19A 



310 

45 

39,000 

-46 



138 

20 

10.257.000 

DU72-38 

505 

450 

276 

310 

40 

45 

1.154.000 

6.452.000 

-40 



345 

50 

155.000 

-41 



414 

60 

<1.000 

-42 



379 

55 

7.000 

■43 



276 

40 

3.000 

-44 



207 

30 

12.232.000 

-45 



293 

42.5 

6.000 


Failed under doubler 
Failed under doubler 

Did not fail 


Failed under doubler 
Did not fail 


Did not fail 


ToUo 11-20. Axiol Fod 90 o Data for [0®]^ 0/P1. Notchod, R - 0-1 


Toat 

Sp«cliooo Tofoporotwro 
Noffiboc K (Op) 


MoxIimNn SfroM 

MN/m3 (ksl) Cydoa 


DU71-10 

297 

75 

655 

-11 



724 

-12 



793 

-13 



862 

-14 



896 

-15 



879 

-16 



827 

-17 



810 

-18 



845 

DU71-28 

505 

450 

758 

-29 



620 

-30 



552 

-31 



690 

-32 



586 

-33 



586 

-34 



569 

-35 



655 

-36 



586 


95 

10.160.000 

Did not fail 

105 

10.000.000 

Did not fail 

115 

10.175.000 

Did not fail 

125 

685.000 


130 

4.000 


127.5 

1.000 


120 

3.000 


117.5 

634.000 


122.5 

421.000 


110 

2.000 


90 

58.000 


80 

10.111.000 

Did not fail 

100 

6.000 


85 

9.000 


85 

4.000 


82.5 

3.640.000 


95 

5.885.000 


85 

10..000.000 

Did not fail 


1 


Tabu 11-21- A*UI FoH 9 wa Oof* for [0®]|2 O/W. Nofchod. t = — 


Tost 

$pocimon Tom p oratMfo Moxlmam Strofi 
Number K (»F) »*N/m» (k.I) 


CycUt 



DU7M 297 
-2 
-3 

-4 

-5 ~ 

-6 

-7 

•6 

-9 


75 83 

no 

414 

345 

310 

328 

379 

345 

414 


•12 

•16 

60 

50 

46 

47.5 

55 

50 

60 


DU7M9 505 
-20 
-21 
-22 
-23 
-24 
-25 
-26 
-27 


450 483 

345 
414 
276 
310 
241 
207 
310 
345 


70 

50 

60 

40 

45 

35 

30 

45 

50 


10.268.000 

Did not fail 

15.377.000 

Did not fail 

2.000 

Failed under doubler 

12.000 

Failed under doubler 

1.443.000 

Failed under doubler 

3.000 

Failed under doubler 

25.000 

Failed near doubler 

12.000 

Failed under doubler 

1.068.000 


<1.000 


7.000 


2.000 


1.893.000 


6.000 


3.867.000 


10.149000 

Did not fail 

10.021.000 

Did not fail 

10.173.000 

Did not fail 


•Low stress levek were the result oT^ error in calculating the fatigue machine loads. 
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MAXIMUM STRESS PER CYCLE Ikiil 



MAXIMUM STRESS KH CYCLE (MN/w 1 



Figur# 11-21 


Fotigu. P.^- •» [0* ± •* 



it-2i 


MAXIMUM STRESS PER CYCLE (MN/m^l -n MAXIMUM STRESS PER CYCLE (MN/m^l 



l 9 ur# 11-23 Axiol Fotigu# Prop«rti«f of Notchod [0^ ± 45^]^ G/P1 of o Sfrost Rotlo. R, of — 1 



653217-177 


Pigyro 11-24 Axiol Potiguo Proportiot of Utinolchod G/P1 at a Stroti Rotio. R. of 0.1 
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MAXIMUM STRESS PER CYCLE (ksi) 


MAXIMUM STRESS PER CYCLE (MN/m^) MAXIMUM STRESS PER CYCLE (MN/m^l 



FIgura 11*25 Axioi Fofigu* Prop«rtl*t of Unnotchod [0^]|2 G/PI ot o Strots Rotio, R, of ->1 



10 ^ 10 ^ 10 ^ 10 ® 10 ® 10 ^ 

NUMBER OF CYCLES 6S32i7-i7« 

Ftguro 11-24 Axiol Fotiguo Proportfot of Nofchod [0«]^ C/PI of o Sfiott Roflo, R. of 0.1 
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MAXIMUM STRESS PER CYCLE (U) R MAXIMUM STRESS PER CYCLE Ikii) 





MAXIMUM STRESS PER CYCLE <MN/m I 



Figure H-27 AjcI«I Fotlfu# Prop#rtl®* of Notchod [®®]i2 ® Stro*» Rotlo. R, of 1 



653217-181 


F>9uro 11-21 Axiol Fofiguo ProporHot of [0® ± 45®] C/PI at 2f7 K (75® F) 


1141 


MAXIMUM STRESS PER CYCLE (kill 



140 



Figwr* 11-W Axial Fotlgua Propartia* a* [0*] G/FI at W X (75" F) 







o 

-< 

o 


183 


FIgura 11-30 Axial FaHgva Propartia* af [0« ± 45“] G/PI at 505 K (450* F) 
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UNNOTCHEO 

notched 


lo’ <«»' 

NUMBER OF CYCLES 


653317-184 


Figure 11-31 Ariel Fotigue Propertlee ol [0“] C/PI at 505 K (450» F) 

Jn like maimer to the results obtained with the G/E mat^ tte factor havi^ 
nounced eff'XJt on fatigue strength was the stress ratio, R. 

eters identical specimens tested in an R value of -1 ^ve fatigue stoengtte at 
(detOTnined from S-N curve) that were less than those obtained at 10 7 cyd« ^P®****^ 
tested at an R value of 0.1. The effect of a notch was generally to the fatigue sbrra^h 

but. airain, there were exceptions. Notched specimen curves were hi^ than unrotchrf fw 
both p^terial at 297 K (75 “ F) and R = 0.1. Figan 

(450» F) and R = 0.1, Figure 11-30. For m material at 297 K (75» R and R = Figure 
11-29, and at 505 K (450* F) and R = -1. Figure 11-31. the unnotched a^ curves 

crossed each other. The G/PI fatigue data, primarily the [0*1 resul^ showed a good d^ more 
scatter than was found in the G/E data, and this may have contributed to ^ inconsistencies 
SX^ect, of . =otd. on G/PI &Gg»o 

the R = -1 tests was a slight reduction m fatigue strength. Fot the R -- 0.1 ^ts both 
decreases and increases in fatigue properties were observed depending ot the lamiMte orienta- 
tion and the specimen configuration. Additional fatigue 

the effects that a notch or an increase in test temperature contribute to the fatigue strength of 
G/PI. 

In testing one group of specimens (12 ply. unidirectional notched, R = -1. wm temperatur^ 
Table 1 1-21 Figure 11-27) many of the failures occurred in the composite under the bonded end 
doublers ratherthL in the test section through the cen^ hole. This type of failure » n^™* 
Smmon for unidirectional composites tested in fatigue. Duru^ fatigue cycling vertii^ cracks 
initiate at the edges of. and tangent to. the center hole, dividmg the specimen into tl^ 
parallel strips. Failure can then occur anywhere along the two outside load carprmg strips and 
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often is initiated at the hi^y stressed regions at the end doublers. The same failure 
was prevalent in the unidirectional B/Al specimens tested under the same 

conditions. 

A table ^ptnilar to the one presented earlier for the G/E daU has been prepared to show the 
percentage of the G/PI ultimate strengths at which the fatigue limit (or 10'^ cydes) occurred. 
The results. Table 11-22, were quite similar to the G/E system except for being sli^tly lower in 
value. Tests at an Rvalue of 0.1 give approximately 75% for the crosspfy material and 60% for 
the unidirectional material Again, for stress ratios of —1 the values w«e considerably k)ww, 
27% and 24% respective^ for the crossply uid imuluectional layups. In a compariim with 
•imflar data for typical aircraft ■linnimnn sheet aDoys (Table 11-13) the G/PI is superior, par- 
ticularly for the notched material While the a^hrantage is not as great as that shown by the 
G/E system, G/PI retains these excellent fatigue prtqiaties up to 505 K (450* F), wdl above 
the mnTimnm use temperatures of either the epoiqr or ahuninum systems. To show the same 
wimpur iann with a Structural matmial having a m ax imum use temperature than ^ 

oiiiwiiiinin alloys. Table 1 1-23 was prepared. Data were obtained (ref, 37) for 0.0016 m (0.063 in.) 
thick TtOAMV titanium alloy sheet at 297 K (75* F) and 589 K (600* F). The G/PI composite is 
as good or better than the titanium alloy up to 505 K (450 * F) for all comparisons except the 
unidirectional material tested in tension<»}mptes8ion fatigue. Again, data scatter 
in the [0 *] results may be a factor. In like manner to the G/E — alu m i n u m alloy comparison the 
advanta^ held by the G/PI over the titanium allqy is partknlai^ evident in the notched data. 


Table 11-22. Stran^th at Fotlgwa Umit or UP Cycl«« Espronod os Porcontoga of UMroola TonsHa Strongtfc 
lorO/PI 


Orientation 

Spocimon 

ConfipuroHon 

Temporoturo 

K (*F) 

1 

VoIlM 

Fotigua Strongtb at 1(P Cydot 
(%) 

[0® ± 45T 

Uimotched 

297 

75 

0.1 

60 


Notched 

297 

75 

.1 

85 


Unnotched 

505 

450 

.1 

57 


Notched 

505 

450 

.1 

100 


Unnotched 

297 

75 

-1.0 

30 


Notched 

297 

75 

-1.0 

24 


Unnotched 

505 

450 

-1.0 

26 


Notched 

505 

450 

-1.0 

28 

(0*1 

Unnotched 

297 

75 

.1 

55 


Notched 

297 

75 

.1 

63 


Unnotched 

505 

450 

.1 

60 


Notched 

505 

450 

.1 

50 


Unnotched 

297 

75 

-1.0 

19 


Notched 

297 

75 

-1.0 

25 


Unnotched 

505 

450 

-1.0 

23 


Notched 

505 

450 

-1.0 

27 
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ssrsssisssw 

was 561 K (550 r u ouv tnia elevated temoarature tests (those 

effect of the center hole m the note^^wa^ ^ unidirectional 

material tested at 297 K (75 r) «irveL The effect of raising the test 

V(7V°n*to*W K (550* F) was to significantly reduce tte ^^8^ 
temperature from 297 K. l /o r j mj w ' . *t an R value of 0.1, the effect of 

strength at 10’ For ^ Th^^pecmeos, however, exhibited extensive 

temperature on fatigue life ^ not perfwmance the R = -1 test 

surface attack in the ou tCT alu^um y . Figu^ 11-42 and 11-43 the slopes of 

fatigue strengths were only slightly lowered, 
of U» BAl n»^“ 


11.23 

Sl!lHmot*Ts«IU$»r««0A^ 

Bswfd Ttw p eratvr— 


CwiBgwtl— 

■ 

V«hi« 

- -I - - 

GenpMle/PeMMMe 

[S* ± <8*1 

»7K(75*f) mK(m»n 2wxps»*) 

•Mog* W It^ Cydee (% el fn,) 

TV4AMV Aler 

fsel leWHen treetetl anS ngerf 

Ml R (4iS» f) 2fF R (7S» f) 5W K (<•• f) 

UnnotchMl 

■NoUlMd 

UnnotchMl 

•NotchMl 

0.1 

0.1 

-1.0 

-l.C 

60 

85 

30 

24 

57 

100 

26 

28 

55 

63 

19 

25 

60 

50 

23 

27 

50 52 

23 29 

32 25 

16 19 

■G/PI. center notch, theotetical Kt. “ 2-^ 
‘n^SAMV Alloy, center notch. Kt “ 2.82 
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Tobt« 11 * 24 , Axiol Fatigu# Doto for [0^ ± 45 ^], B/AI« Uisnotchod, R = 0.1 


Tost Maximgm 

Spodmon Tomporotvro StroM 

Numbor K MN/m^ (ksl) Cydos Commonti 


EC72-20 

297 75 

262 

38 

17.451.000 

Did not fafl 

•21 


379 

55 

1.876.000 


-22 


414 

60 

72,000 


•23 

- - - - 

345 

50 

33,360,000 

Did not fail 

-24 


448 

65 

716.000 


•2S 


483 

70 

1.686,000 


•26 


517 

75 

17,000 


-27 


465 

67.5 

122,000 


•28 


414 

60 

2,627,000 


EC72-47 

561 550 

414 

60 

53.000 


•48 


379 

55 

201,000 


•49 


345 

50 

571,000 


-50 


310 

45 

1,780,000 


-51 


276 

40 

2.691,000 


-52 


241 

35 

9,385,000 


-53 


224 

32.5 

9,341.000 


-54 


207 

30 

10,551,000 


-55 

• • 

448 

65 

66,000 


TobU 11>25. Axial FoHgua Dota for [0- ± 45-]^ l/AI, UimalciMd. t 

= -1 


Tocf 

Moximum 



Spocimon 

Tomporoturo 

Sfron 



Numbor 

K (»F) 

MN/in> 

(k.1) 

Cydus 

Commufitf 

EC72-11 

297 75 

345 

50 

38,000 


-12 


379 

55 

8.000 


-13 


310 

45 

72,000 


•14 


276 

40 

448.000 


-15 


207 

30 

6.610.000 


-16 


241 

35 

788,000 


•17 


190 

27.5 

15,437,000 

Did not faO 

-18 


414 

60 

1,000 


-19 


362 

52.5 

2.000 


EC72-38 

505 450 

276 

40 

58,000 


-39 


207 

30 

861.000 


-40 


345 

50 

4,000 


-41 


379 

53 

2,000 


-42 


310 

45 

7,000 


-43 


241 

35 

52,000 


-44 


138 

20 

10,006,000 

Did not fail 

-45 


172 

25 

10,111,000 

Did not fail . 

-46 


259 

37.5 

38,000 
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Tabi* 11-M. Axial Fatigu* Data far [0<> ± 45°], B/AI, Notchod, R = 0.1 


Sp«cim«fi 

Number 

!••# 

T»inp«fOtur* 

K (»F) 

Maximum 

Stron 

hW/m2 (Icti) 

Cyd«f 

ComiuMts 

EC71-10 

297 75 

345 

50 

492,000 


-11 


276 

40 

10.150.000 

Did not fail 

-12 


414 

60 

24,000 


-13 


379 

55 

1,192,000 


-14 


310 

45 

10,130,000 

Did not fail 

-15 

- 

448 

65 

5,000 


-16 


396 

57.5 

901,000 


-17 


362 

52.5 

2,913,000 


-18 


328 

47.5 

10,085,000 

Did not fail 

EC71-28 

561 550 

345 

50 

No data 

Temp, over-shoot 

-29 


276 

40 

2,634,000 


-30 


241 

35 

5,490,000 


-31 


207 

30 

10,100,000 

Did not fail 

-32 


310 

45 

790,000 


-33 

- 

345 

50 

477,000 


-34 


414 

60 

91,000 


-35 


448 

€5 

79,000 


-36 


224 

32.5 

8,247.000 


Tabla H-27. Axial FoHgwa Data for [0° ± 4S°]„ 0/AI. Noldiad, R = -1 


TMt 

JMaximufii 



Sp«clin«fi 

T*mp«rotur* 

Struts 




Number 

K (°F) 

MN/m7 

(W) 

CydM 

Commeitfs 

EC71-1 

297 75 

276 

40 

247,000 


-2 


310 

45 

60,000 


-3 


241 

35 

547,000 


-4 


345 

50 

8,000 


-5 


207 

30 

6,480,000 


-6 


379 

55 

<1,000 

Failed under doubler 

-7 


172 

25 

10,195,000 

Did not fail 

-8 


328 

47.5 

7,000 


-9 


224 

32.5 

1,227,000 


EC71-19A 

505 450 

207 

30 

739,000 


•20 


241 

35 

42,000 


-21 


276 

40 

10,000 


-22 


172 

25 

2,309,000 


-23 


138 

20 

12,710,000 

Did not fail 

-24 


310 

45 

4.000 


-25 


3<5 

50 

2,000 


-26 


224 

32.5 

26,000 


-27 


259 

37.5 

12.000 
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Tabu 11-2S. Axiol Fatigue Doto for [0^]^ B/AI, Unnotched, R = 0.1 


Test Maximum 


Specimen 

Number 

Temperoture 

K (°F) 

Str«sf 

MN/m2 

{ksi) 

Cycles 

Comments 

EU 72-20 

297 

75 

758 

110 

12.140.000 

Did not fail 

-21 



1.000 

145 

302,000 

- 

-22 



931 

135 

54.000 


-23 



862 

125 

76,000 


-24 

* 


827 

120 

2.000 


-25 



827 

120 

798,000 


-26 



1.030 . 

150 

48.000 


-27 



896 

130 

30,559.000 

Did not faO 

-28 



1,100 

160 

181.000 


EU 72-47 

561 

550 

862 

125 

2.185,000 


-48 



827 

120 

3.209.000 


-49 



793 

115 

3.104,000 


-50 



758 

no 

3.761,000 


-51 


- 

724 

105 

4.080.000 


-52 



827 

120 

2.980.000 

Nitrogen Atmosphere 

-53 



965 

140 

1,564,000 


-54 



965 

140 

1,856,000 

Argon Atmosphere 

-55 

- - 


1.030 

150 

610,000 



Table 11*29. Axial Fatigue Dota for [Qo]^, B/AI, Unnotched. R = -1 


Test Maximum 


Specimen 

Number 

Temperoture 

K (OF) 

SfrMt 

MN/ni2 (ksi) 

Cycles 

Comments 

EU 72-11 

297 

75 

690 

100 

3.000 


-12 



655 

95 

229,000 


-13 



638 

92.5 

<1,000 


-14 



638 

92.5 

8,000 


-15 



620 

90 

9,000 


-16 



552 

80 

10,000,000 

Did not fail 

-17 



586 

85 

646,000 


-18 



603 

87.5 

21.000 


-19 



569 

82.5 

6,000 


-46 



414 

60 

10,087,000 

Did not fail 

EU 72-38 

505 

450 

425 

61.7 

12,000 


-39 



345 

50 

10,120,000 

Did not fail 

-40 



379 

55 

10.153,000 

Did not fail 

-41 



414 

60 

10.005,000 

Did not fail 

-42 



520 

90 

<1,000 


-43 



483 

70 

1.332,000 


-44 



552 

80 

51,000 


-45 



586 

85 

5,000 



ToU* 11-3#. Airfcrf FoHgu* D«l« for (0*]t B/Al, Hofchod. I = 0.1 



Sp^cIflMft 

Number 

T«tf 

TplllfWlOtMf 

K 

MoxifiMitii 

SirMS 

MN/in> (ksi) 

CycWs ComiwwH 

EU71-10 

297 

75 

1.000 

145 

76.000 

-11 



896 

130 

4.634.000 

-19 



827 

120 

4,546.000 

-13 



758 

110 

10.002.000 Did not fail 

-14 



1,030 

- 150 

39.000 

-15 



965 

140 

120,000 

-16 



uoo 

160 

<1.000 

-17 



931 

135 

1.469.000 

-18 



793 

115 

1.761.000 

EU71-28 

561 

550 

862 

125 

930.000 

-29 

561 

550 

690 

100 

3.732.000 

•30 

561 

550 

620 

90 

5.482.000 

-31 

505 

450 

620 

90 

10.179.000 Did not fail 

-32 

505 

450 

862 

125 

996.000 

-33 

561 

550 

827 

120 

1.057.000 

-34 

561 

550 

965 

140 

60.000 

-35 

561 

550 

896 

130 

330.000 

-36 

561 

550 

758 

110 

Z974.000 

- - 

T«bU 11^1 

. Aidol Fort^Oofo for [•»],, §/Al. MoKfco#.# = -1 




■MXIIMl 

NH 


Sycimn 


StTMS 


Nuwbsr 

K 

(*n 

MH/m^ 

(ksi) 

CfcUs 


297 

75 

586 

85 

310.000 Failed nadcr doubler 

1*«U / i-i 
o 



620 

90 

560,000 Failed under doubler 

-Z 

o 



655 

95 

887.000 Failed under doubler 

-o 



724 

105 

34.000 Failed under doubler 




758 

110 

9.000 

o 



793 

115 

3,000 Failed under doubler 

-o 

.7 



690 

100 

62,000 Failed under doubler 

- 1 
o 



552 

80 

12.486.000 Did not fail 

*o 

-9 



586 

85 

2.977.000 Failed under doubler 

EU71-19A 

505 

450 

552 

80 

6,000 

-20 



483 

70 

18.000 

-21 



414 

60 

4.253.000 

-22 



448 

65 

3,931,000 

-23 



566 

82.1 

4,000 

-24 



379 

55 

10.829.000 

-25 



517 

75 

9.000 

-26 



465 

67.5 

2.39‘J.OOO 

-27 



431 

62.5 

554.000 
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Fl 9 ur« 1I-3S Axial Fotlgua PropoftiM of No t dio J [0<>]«a» a Strata Ratio, R, of 0.1 
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maximum STRESS PER CYCLE (kill 
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MAXIMUM STRESS PER CYCLE (kii) 





Fisur. 11-42 Axiol Fotigu* Prop«rtl.. of [V> ± 4S«J B/AI at Elovotod To«ip.rah.rot 



Flguro 11-43 Axiol Fotiguo Propori.o* of [0»1 B/AI at Elovotod Tomporoturos 
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MAXIMUM STRESS reR CYCLE (Wl $ MAXIMUM STRESS PER CYCLE (Wl 







FIgwr* 11-44 Surfoc* Hooghwilng el B/AI Specimen Fetigued ot 541 K {55«“ F) m Air. (teughening is 
confined te stressed erees on etther side el the hole.) 



Figure 11-45 Aree of Oegroded B/AI Surface Showing Reticulation and Exposed (Ahiminum-Covered) 
Boron Fibor 
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The surface appearance suggests that the degradaUon may have been caused by grain growth 
and embrittlement at the grain boundaries. A temperature gradient analysis of the hot zone of 
the furnace together with an examination of the degraded specimens indicated a m i n i m u m 
threshold temperature of 505 K (450 » F) to 533 K (500« F) to cause matrix degradation. To bet- 
ter substantiate this, two of the specimens originally scheduled for 561 K (550* F) were fat^e 
tested at 505 K (450“ F) under the same conditions (stress level and environment) as used on 
the 561 K (550“ F) tests. Test data is reported in Table 11-29. VMand metallographic exam- 
inations of the specimens revealed little or no ma^ degradation at the lower temperati^ 
The effect of environment was also briefly examined. Two fatigue tests were perfOTmed at 
561 K (550“ F) in an inert atmosphere (nitrogen gas for the first test and argon gas for tte 
second one) to determine the effect, if any. on matrix degradation. The tests w«e run at the 
same temperature, stress levels, and for approximately the same number of cycles as previ^ 
tests performed in air (see Table 11-27), Visual and metallographic examinations indicated a 
significant decrease in matrix degradation. This implies that oxygen and/or moisture play m 
important role in the degradation process. One other test variable was stress level Fw t«ts m 
air at 561 K (550“ F) the effect was observed at aU cyclic stress lei’els evaluated, although the 
number of cycles for d^dation was substantiafiy greater at the low strm levels than for the 
higher stress levels. A minimum threshold stress level was not determined. However, one is 
beUeved to be required since notched fatigue specimens (center hole notch) dW not show ma^ 
degradation in the unstressed areas (see Figure 11 - 44 ). Additional studies of the surfara 
degradation problem, particularly effects of environment, should be conducted to identify tte 
degradation mechanism and to develop solutions. e.g.. protective coatings or change of matrix 

alloys. 

A table to those presented earlier for both G/E and G/PI data has been prepared to 

show the percentage of the B/Al ultimate strengths at which the fatigue limit (or 10’ cycles) 
occurred. The results for the ei^t B/Al fatigue curves are presented in Table 11-32. In compar- 
ing daU with those for the organic matrix materials, several d^orencM are apparent. 
For tension-compression loading the B/Al system exhibits relatively hi^ier fatigue limits tl^ 
the (Hganic matrix systems at both room and elevated temperatures. For tensiontensum 
at room tenqierature the unidirectional B/Al data are comparable with those for G/E 
iinH G/PI while the crossply data are similar to the G/PI but lower than the G/E data. At 561 K 
(550 “ F) the B/Al was inferior to either the G/E at 450 K (350“ F) or the G/PI at 505 K (450 “ R. 
In a comparison with «imilsr data for the aluminum alloys listed in Table 11-13 the B/AI is 
superior. This is particulariy apparent for the nocched specimens. In like manner to the G/PI 
system, B/Al retains the excellent fatigue p«y.«ties to 505 K (450* F), wdl above that for 
alloys. To show the same comparison with the H-OAMV alloy as was presented 
earlier for G/PI, Table 11-33 was prepared. The titanium alloy sheet data are the same as those 
listed in Table 11-23. With the exception of the unnotched. R = 0.1 results at 561 K (550 * F) 
(surface degradation temp»ature) the B/Al is superior to the titanium alky. This is particularly 
demonstrated by the notched fatigue data. 
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ToU* 11-32. Strength at FetHgua Limit or 10^ Cydo* ExproMod •• Parcowtogg of UtHmota To«i«if « Str u gth 
lor B/AI 


Orintoflon 

Spoclmofi 

Coiifl9uratioii 

Tempeceture 
K ("F) 

Voiim 

Fotigu* Strength at 10^ Cycle* 

[O* ± 46T 

Unnotched 

297 

75 

0.1 

74 


Notched 

297 

75 

.1 

71 


Unnotched 

561 

550 

.1 - 

50 : 


Notched 

561 

550 

.1 

47 


Unnotched 

297 

75 

-1.0 

39 


Notched 

297 

75 

-1.0 

41 


Unnotched 

505 

450 

-1.0 

38 


Notched 

505 

450 

-1.0 

32 

(01 

Unnotched 

297 

75 

.1 

57 


Notched 

297 

75 

.1 

64 


Unnotched 

561 

550 

.1 

•38 


Notched 

561 

550 

-1 

•43 


Unnotched 

297 

75 

-1.0 

38 

- - 

Notched 

297 

75 

-1.0 

45 


Unnotched 

505 

450 

-1.0 

33 


Notched 

505 

450 

-1.0 

33 

■Detennined by extrapolation. 






11.3.4 STACKING SEQUENCE EVALUATION. A liinited program was conducted to investigate the 
effects of stacking sequence on the [0* ± 45 *],CBmily of laminates. Two systons, B/E andG/E. 
were evaluated. Room temperature tensile and fiadgue tests (R = 0.1 were made on specimens 
of the following three laminate stacking sequences: 


(0V45», -45* -45". 45". 01 
[45". 0", -45". -45". 0". 451 
(45", -45", 0",0*. -45". 451 

Fabrication of the test panels and preparation of the tensile and fatigue specimens were accom- 
plished using the same procedures described in Section 5. Tensile and fatigue tests were con- 
ducted using the techniques also described eariier. 

Results of the tensile tests of the three stacking sequences for each material are given in Table 
11-34. Theliata'shdw that the position of the 0" layers in the layup appears to influence the 
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T«bU 11-93. CompwfaMof StrangtliatFaKgiMUiiiHor 14'CydMfa^raaMdwParcMtaf* 
o» WHwfTiwitoS t rw u lli for ■/AloiiJTl-tAMV n ii rf iiwi Alloy foow^ 

Horolo J To mpowrtw foo 






feti|we SireiifA el 19^ Cydee (% el ini} 





8eeen/AhMiiiivei 










TW4AMV Aley 


1 




[•*1 


Mdendoted 


Vehpe 

n7K(7f*r) 

2irK(7t*F) 

SNK(4N*P) 

392K(I9*P) 

M9K(466*F) 

Unnotched 

0.1 

74 

^50 

$7 

■*>38 

50 

52 

■Notched 

0.1 

71 

h47 

84 

*>43 

23 

29 

Unnotched 

-1.0 

39 

38 

38 

33 

32 

25 

■Notched 

-1.0 

41 

32 

45 

33 

16 

19 


■B/Al. ccnUr notch, theontxal « 2.43 
TMAUV ABoy. ccnur notch. Kf » 2.32 

l>Tnt Tonqiontan wm 561 K (550* P) 


11-36. Room Towyoio t oro To mH o OoHi lor B/i ond C/f Stacking Soquonco Too# Ponol* 


Motoriol . Stacking 

Syotam SocpMoeo 


TonoMo Strongrii Tonollo Mod w i ot 

IWN/ml (koi) CN/m> (IHol) 


B/E 


G/E 


| 0 *. 45 ". - 45 " 1 , 
[ 45 *. 0 ". - 45 * 1 , 
[ 45 ", - 45 *. 0 "], 
[ 0 *. 45 ", - 45 "!, 
[ 45 *. 0 ", - 45 * 1 , 
[ 45 *. - 45 ", 0 * 1 , 


525 

76.2 

576 

83.5 

550 

79.8 

556 

80.6 

584 

84.7 

570 

82.6 

576 

83.5 

580 

84.1 

578 

83.8 

506 

73.4 

539 

78.2 

523 

75.8 

664 

96.3 

652 

94.5 

658 

95.4 

699 

101.4 

675 

97.9 

687 

99.6 


66 

9.6 

61 

8.8 

63 

9.2 

63 

9.2 

63 

9.1 

63 

9.2 

61 

8.9 

61 

8.9 

61 

8.9 

48 

6.9 

47 

6.8 

47 

6.8 

52 

7.5 

52 

7.5 

52 

7.5 

55 

8.0 

56 

8.1 

55 

8.0 
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tensOe strength of both systems. The strength is lowest with the 0 " jaye« « tte <»tsi^*^ 
increases as these layws move toward the cenUar. The effect is small for B/E and may not be 
significant because of the very limited test data. 

The fatigue tests were aU carried out at room temperature at an R vJue of 0.1 using 
snecunens. The test results are tabluated in Tables 11-36 and 11-36 md S-N corves are plott^ 
in Figures 11-46 and 11-47. These limited data indicate that the position <rf the 0* lay tte 

con^^ has an effect on both tensile and fatigue strength. In 
re3» the fatigue properties are lowest vrith the 0 * Uyers on the outadej^ hi^^ 

0" layers at the center. The S-N curves for the B/E system shw the rdationship betw^ 
fatigue strength and staddng sequence quite dea^. The same ef^ while apparent in the 

G/E curves, is not as distinct because of the increased scatter of the data. 

ToU* It-M. toom Temp^ehiw AxW F0tl*ue Dele lor i/f Sleciiing Seqeeece Tort Poeob, Unnolehed. 

R = 0.1 


$p«dm«fi 

Number 

Sfvckifig 

S#qUMC« 

NUudeMMO Strew 
MN/ei* (kri) 

Cfdm 

Giwm^ntt 

A62-1 

lo*. 45 ", -45 "J, 

448 

65 

<1JOOO 




414 

60 

<1.000 


-3 


379 

55 

3JOOO 




345 

50 

294.000 




379 

55 

178.000 


-6 


345 

50 

132.000 

— 

.7 

- 

310 

45 

3.015JX)0 




310 

45 

10.145XNX) 

Did not U1 

-9 


379 

55 

8JOOO 


A63-1 

|4S". 0". -45*1, 

448 

65 

2,000 


.9 


414 

60 

SIJNH) 




379 

55 

2,372,000 

Did not fail 

■o 

*4 


448 

65 

1,000 


-.S 


414 

60 

34,000 




448 

65 

9,000 


-o 

.7 


414 ’ 

60 

21,000 

Failed under doubler 

“ f 


379 

55 

5,733,000 


9 


396 

57.5 

111,000 


ABM 

[45“, -45". 0"], 

448 

65 

58,000 

Failed under doubler 

•2 


414 

60 

407,000 


Q 


431 - 

62.5 

16,000 


*o 

4 


448 

65 

4,000 

Failed under doubler 

.li 


414 

60 

4,950,000 

Did not foil 

-6 


483 

70 

<1,000 


.7 


448 

65 

2,000 




431 

62.5 

7,000 


-9 


414 

60 

1.825.000 
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ToM* I1*M. Room Tomporoturo Axioi FoHgwo Dolo for C/E St ocfclm So^^onco To*t Ponob, Unoofchod, 
R = 0.1 


Spccinwn 

StCKklng 

$€qu9n€9 

Maximum Straw 
MN/m> (ksO 

Cyd«f 

GNnawvts 

B62-1 

[0*. 45 *, -45% 

379 

55 

13.000 


-2 


414 

60 

39,000 


-3 


448 

65 

36,000 


-4 


483 

70 

<1,000 ’ 


-5 


448 

65 

10,000 


-6 


414 

60 ^ 

7,220,000 

Did not fail 

-7 


431 

62.5 

<1,000 


-8 


431 

62.5 

2,000 


-9 


431 

62.5 

34,000 


B63*l 

[45*. 0*. -45% 

483 

70 

2,000 


-2 


448 

65 

34,000 


-3 


483 

70 

1,000 


-4 


517 

75 

<1,000 


*5 


448 

65 

22,000 


-6 


414 

60 _ 

- 114,000 

Failed under doubter 

-7 


414 

60 

2,306,000 

Did not ftal 



431 

62.5 

33,000 


*9 


431 

62.5 

21,000 


B6M 

(45“, -45’. O’l, 

379 

55 

2.001.000 

Did not fail 

-2 

— 

552 

80 

<1,000 


-3 


517 

75 

<1,000 


-4 


483 

70 

3.000 


*5 


448 

65 

2,157,000 

Did not 

*€ 


483 

70 

1,000 


•7 


465 

67.5 

3,000 


-8 


465 

67.5 

3,000 


-9 


448 

65 

2,295,000 

Did not fail 


The data {presented in this section indicate that the [45*, —45*, 0*^ sequence of tbe [0* ± 45*] 
family of laminates would have the best room temparatnre tensile and fotigue properties. For 
all testing of crossplied laminates on the balance of the test {vogram, however, the starking 
sequence that was selected was the [0*. 45*, —45% seqaence. The reason for this choice was 
that the joint strength to attachments, Le.. doublers, is mnch higher when made toannnidiree- 
tional ply than to an off-axis ply. Consequently, to minimize doubler bond failures in the 
various types of test specimens [0*, 45*, — 45*^ layiqi was used fm all crosqdied panels. 

11.3.5 POISSON'S RATIO EVALUATION. The final portion of the constant amplitude baseline 
fatigue study was a series of residual Poisson’s ratio tests on specimens that survived 10 
milli on fatigue cycles at room temperature at a stress ratio of —1. Determinations woe made 
on unidirectional specimens of G/E, G/PI, and B/AL Strain gage installation and test pro- 
cedures were the same as those described in Section 7. The condition of the specimens (stress 


11-51 




Figur* 11-47 Axiol Fotigc. of G/E lomlncrtos Showing Effort of Slocking Soquonco, T¥7 K (75° F). R =0.1 
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level and of fatigue cycles) and the results of the Poisson's ratio tests are ubulated in 

Table 11-37. Also included are the tensile strength and modulus values obtained during the 
«^irrw» tests. For the organic matrix materials. G/E and G/PI. the 10 million fatigue < 7 cles 
qipeaied to have little effect on the value of Poisstm's ratia For th>. metal matrix ssrstem, 
B/AL however, one specimen exhibited a drastic decrease in Poisson's ratio with the second 
showing a moderate loss. Modulus values were slightly Iowa- after fatigue cycling for the G/E 
and G/PI systems. All of Ute specimens showed significant decreases in tensile strength. It 
should be pointed out. however, that the specimen cmifiguratkm. 2.5 cm (1 in.) by 10.2 cm (4 in.) 
with a 1.3 cm (0.5 in.) gage section was not a good one for tensile testing and was uot the one 
used for the baseline as received tests. Also, all but one of the specimens failed nntfer the end 
doublers. _ , 

The purpose of these tests was to atteng>t to determine the amount of damage accumulated 
after 10 million stress cycles at different values of maximum stress. Based on the residual 
Poisson's ratio results alone, the resin matrix composite systems. G/E and G/PI. appear to 
have experienced only slight damage while the B/Al metal matrix system was significantly 
affected by the fatigue cycling. The more highly stressed B/Al specimen showed the greater 
decrease in Pmsson's ratia Additional testing would be required to verify these findings. 


ToM* 11-37. MuelfolMow's 30110 TesthneftiwOiif fetlyie SMd i w s ro t loom TuyfMie 


CewdnioH Tofwilo Tomilo 

Moloflal Sasdiiioii Nombcrof Pofigwo SiroM ToteMo'* Shooglh Mod^ibw 

SyWom Nombor Cydoo KIM/m* (k*l) loMe MH/m* (ksi) (CH/in* (Md) 


G/E. (0*1,2 

_ 

Baseline 



0.33 

1540 

224 

141 

20.4 

BU7212 

10.0 X 10« 

483 

70 

.28 

■uoo 

>159 

130 

18.8 


BU7215 

12.6 

414 

60 

.33 

>1,000 

>145 

123 

17.9 


BU7216 

10.2 

448 

65 

.31 

>1.280 

>186 

129 

18.7 

G/PI. [0*1,2 


Baseline 



^.39 

1,190 

172 

126 

18.3 

DU72-15 

10.6 

207 

30 

.41 

>807 

>117 

118 

17.1 


DU72-46 

10.3 

138 

20 

.33 

•945 

>137 

117 

17.0 

B/Al. (0*1,2 


Basdine 



.28 

1,450 

210 

194 

28.2 

EU72-16 

10.0 

552 

80 

.10 

>470 

>68 

191 

27.7 


EU72-46 

10.1 

414 

60 

.23 

1,010 

147 

201 

29.2 


•Failed under doubicr 
bSOS K (450* F) value 
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SECTION 12 

FLIGHT SIMULATION TESTING 


13.1 MTaooucnoN 

Tlw objwtiw of thia portion of tlw program was to flobj6ct in nal tinw •Kh of Uw foor oon^M^ 
site systems tx> the kiad-tanipcratare history that wemld be ezp«ieiic«d by a superaonk trana- 
poct dnriiw ita 50.000-hour lifa^ To do this a simalatioB i^Mratiis was Gonatnictad that 

was cqMdila of kwdmg a nnmbar <rf large qMdmana of aadt oompostte aiyatam naiiig a raodam 
loediiig padaniiHiife the qMdmena were heated to tha tampantaras oone^ondiiig to thoM 
expected to be encomiterad dning fli^it. As the coogiooitss had diffcrant strangtha and max* 
ttmww oae tamperatnree, it was necessary that the fH^t ai mo l a to r be amiable of ptx)vkliog the 
load and tengMratara eoited to each owqioette. The qiparatos had to be laige ewMigh to allow 
the testmgof a nomber of nplkatae of each syetsa to provide adequate s te U stkal data for 
proper evahiation of the endurance of the naateriaL In adihtioii. the ahnniator had to be cqwble 
of antomatkaDy testing a large nnndier of spedmene rdial^y for an ex t e n ded period of time. 

A load fpartmm was gmoatad using the exceedance curves for a s u personi c cruise aircraft, 
tiH »tii« |mwly ranAm upactnim wag recorded on tape in a farm suitabte far load aene r a t i on in 
teal tinm so that 25.000 two^Mur fUi^ts (50.000 hoard could be simolated. Eadi flight con- 
tained dhah. cruise, deocoit, and landing loads with the tnqMratures corteqNmding to each 
portion of the fli ght, A typical load and temperature profile is shown in Figure 12*1. 

The original intent d the program was to use the weerout model developed by Hamlin (ret 3) to 
predict the fife and set the peak load levels for the ffi^t simnlation tests of aU the co m pos it e 
systwns. Once a random load spectrum had been generated, the test c on di t ions for each com- 
posite system could be set by increasing or decreasiag the magnitudes of the entire spoetram. 
Tliis wae done by setting the magnitn^ of the peak load in the qiectrum. To aet thine peak 
accelerated tests were run by increasing the frequency of the qiectrnm. A qcarter of a 
lifetime and half a liletime of loads were applied in 100 hours and 200 honra reqiectivdy. This 
was dtme with the spedmens hdd at a constant teeqmature corresponding to ediat was con- 
sidered to be the maxmnim use temperature for each indhridoal composite systmn. These accel- 
erated tests, referred to as shortterm tests, were combKted so that the loads normally applied 
during a twwhour flight were applied in about one numte. Figure 12-2 shows a fli^t pkk^ at 
random and plotted to show the nature of load variation as the specimen is held at its max- 
imum use tenqierature. These data in conjunction with the baseline properties were to be used 
to calculate. Iqr means of the wearout theory, the peak load to be applied dnring flight Simula- 
tion of each composite. From the results of these shortrtenn tests, however, it was 

that the wearout model could be used only on the B/E and G/E qrstems. The dif- 
ficulty encountered for the G/PI and B/Al materials was that for the loads api^ed (fairing accel- 
eiated testing the Ksidoal strength was observed to increase between onofiuarter lifetime and 
one-half lifetime. This was contrary to the model which is based on stren^ decreasmg with 
rim> The maniwr in which the flight simulation loads were determined for the G/PI and B/Al 
specimens as well as the details of the wearout analysis of the B/E and G/E ^ledmens will be 
discussed later in the section. 


1M 
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•IMM4 MAiMMhiMX ptw fmw% I**l 




• 2 TIMES 

N 100 Houti (1/4 LiU) 
V 200 Hours (1/2 Li(«) 


T • CONSTANT 



FlQwr* lJ-2 Typical Aecolarotorl or Short-Torm Flipht SimwIaHon Cyd# Showing loodt 
and To m pornt u ra Profilo 


Following the short-term tests the four composite systems were subjected to the first 10,000 
hours of flight simulation exposure, a number of specimens were removed from the apparatus, 
and residual property evaluations were conducted. The results of these tests have been ana- 
lyzed and are presented in this section. 

12.2 DESCRIPTION OF SIMULATOR 

The flight simulation apparatus was built to test five composite materials and has the capabil- 
ity of cycling loads and temperatures on 100 test specimens simultaneously. The apparatus is 
divided' into 10 independent test setups each of which contains 10 identical specimens. The 
flight simulation testing equipment is shown in Figure 12-3. There are lO load frames, five of 
which are facing forward, and five more directly behind the front five. The small cabinet at the 
right of the simulator is the control console, which is shown in greater detail in Figure 12-4. 

12.2.1 TEST FIXTURES. The test fixtures consist of 10 bask load frames. 10 whiffletree assem- 
blies. attachment hardware for 100 specimens, 100 removable specimen stiffener assemblies. 
20 heat lamp rack assemblies, and lateral support hardware. 

The lateral support between a whiffletree assembly and its specimens is a beam containing five 
linear motion bearings. They allow motion in the load direction only. The travel of the clevis fit- 
ting. whkh passes through a bearing, is limited and adjusuble in each direction. Specimen or 


12-3 


Flgur# 12-3 Flight Slmulotion Equipment 



dumps the hydraulic pressure and reduces the load to zero, 
loading spectrum and synchronize the heating and coohng cycles. 

12 2 3 PtOCIAMMER SAFETY FEATURES. The load programmer provides the foUowing self- 
chikingfiStures that automaticaUy stop aU test operations if activated. 

a. The load controUer ERROR DETECTOR is activated if the error between the command 
and feedback system exceeds a preset value. 

b. Program HOLD is activated if a malfunction occurs in timing, parity, or the power supply. 

cwn OF PROGRAM code at the end of a punched tape places the program in ‘hold. If 
" fhftest proS^not manually resUrSd within a few minutes. aU operations are 

deactivated. 

r«,liTydn.ulic .«u.Ung cy«nd.r, witK pressure dump vuKes. rUurs. urui 
servo valves. ^ _ 
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Figura 12-5 PrecrwiuiMr and U«d CowtiaHari 


Two hydraulic power sources were used during the test program. One 50 gpm pump of the 200 
gpm Pump Station was used for the short-term tests. A 7 gpm portable hydraulic pump was 
used for the long-term test. 

I HIATINC SYSTEM. The test specimens are heated by 800-watt infrared quartz beat lamps. 
The heat is directed to the specimens by parabolic reflectors as shown in Figure 12-6. The lamps 
and reflectors are positioned so that they heataO.05 m(2 in.1 strip tm each half of the spedroens. 
As discussed more fiilly in Section 12.3. this arrangement doubles the number of residuai 
strength specimens that can be obtained from each kmg-term specimen. For each test setup, the 
five upper ^ps and the five lower lamps are assembled in an upper rack and a lower rack. Each 
lamp rack is an independent heating system with its own temperature controlkr. control ther- 
mocouple. monitor thermocouple, and temperature error detection thermocouple. 

The temperature cycling for the long-term test is synchronized with the loads by using the 
STEP code in the load programmer. STEP codes are programmed at the start and end of the 
heating period. The first STE P code activates the low temperature checking circuit for 10 milli- 
seconds. If the specimen temperature is not less than 311 K 1100“ F). all test operations for 
that specific setup are deactivated. If the specimen temperature is less than 311 K (100“ F). 
then power is applied to the heat lamps. The power is not controlled until the desired specimen 
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temperature is obtained. The temperature cmitndler and its control tbmnocouple wiU main- 
tain the desired ten^wratnre within ± 6 K (10 * F). The tenq>eratore error detector thomocou- 
pie makes an independent and continuous chedt against over-toiqwratnre occurrences. (This 
thomocouple is also used by the low tenqwratore checking drcuit.) In case of an ovei^ 
temperature occurrence, all test operations for that specific setup are deactivated. The second 
STEP code removes the power to the heat lamps, and the specimens are allowed to cooL 

12.2.4 COOilNC SYSTIM. A large centrifugal blower driven by a five horsepoww motor pro- 
vides the cooling air for the test specimens. Tlw cooling air is distriboted to 50 locations by a 
duct system. At each location a nozzle directs the cooling air to a pair of test specimens. Air 
flow at each location can be adjusted by physically changing the n ozz l e outlet area. These 
nozzles are shown near the top in Figure 12-3. Figure 12-7 is a cloaeup view of the nozzles in 
opmtion during the long-term tests. 

12.2.7 CONTROi CONSOLi. The control console, shown in Figures 12-4 and 12-8, contains the 
temperature control and «»iMM»lring ckcuits, mdiunction/shutdown logic wfcuits, and system 
control and indicat or drcuits. 

The control console front panel contains the following controls and indicators. 

a. Ten setup counters to maintain the load programmer block count for each set up. 

b. Ten dump switcbes/indicators to manually dump or indicate an automatic dump or any 
setup. 

c. Ten JOG-RESET toggle switches to energize the hydraulics of each setup. 

d. PROGRAMMER counter to indicate load programmer blodc count. 

e. RUN and HOL^ switches/indkatms to provide remote control of load programmer. 

f. LOAD and UNLOAD switches and indicators to provide remote control of the hydraulic 
pomp pressure to all setups. 

g. DUMP switch/iiKlicator to complete^ shut down the Iqrdraulic pump. 

h. OVER TEMPERATURE, LOW TEBfPERATURE, SPECIMEN FAILURE, LOAD 
ERROR, RAM OVERTRAVEL, MANUAL LOCK indicators to indicate which malfunc- 
tion cau^ a test to st<^ The numbered setup indicator will also indicate whkh setup is 
related to the malfunction, 

12.2J OATARfCORIXNCSYSTIlW. All data are recorded on a high qieed digital recorder. The 10 
loads and 20 monitor thermocouples can be recorded on magnetic tape at a maximum sampling 
rate of six times pa* second. Data can then be printed out in engineering units. 

Data are recorded peruidkally to confirm that loads appear to be reasonable and that the tem- 
perature cycle profile is correct. Loads cannot be confirmed exactly because the programmed 
loads are not known due to the random nature of the spectrum. 

12.2.9 AAONITOR/SAFETY SYSTIM. A Metrascc^ is used as a monitor and a limit detect safety 
system. Channels 1 through 10 display the tension loads up to 100% with the limits set to 
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Figure 12-9 Control ComoIo 


105%. Channels 11 through 20 display the compresskm loads (1 through 10) up to 25% with 
the limits set at 30%. Channels 21 through 40 display the temperatures of each monitor ther- 
mocouple for each of the 20 lamp racks. The temperature limit Is set 5% above the maximum 
temperature for a given setup. 

If any limit is exceeded, the main electrical circuit breaker is thrown to its OFF position. All 
heat lamps go off, the hydraulic pressiu^e at the manifold is dumped, the load programmer ^oes 
into HOLD, and all 10 setups are individually d;^.Tiped. The channel that exceeded the limit is 
indicated by a flashing line on that channel 
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12^.10 CHECKOUT. Tests were performed to check out the loading mechanism and the dis- 
tribution of loads by the whiffletree assemblies. A set of 10 strain gaged aluminum specimens 
was prepared and calibrated. The specimens were installed in the flight simulator and loaded 
to three load levels in the region of interest. Both the total applied load and the 10 individual 
loads were found to be within desired limits. The individual loads on each specimen were within 
±3% of the desired load. 

During checkout of the loading system, a dummy B/E short-term exposure specimen was 
intentionally loaded to failure in the simulator to detmnine the effects of individual specimen 
faihires on the load levels of aimilsr spedmens within the same whiffletree arrangement. Each 
whiffletree contains five pairs of specimens. The specimens are loaded by a command bum the 
progranomer. This load program command signal is continaoosty compared to the signal from 
the load c*ll, and if the differmice is more than a fixed amount, the loading mechanism shuts 
down. To check the response times of this arrangement in the event of specimen failure, the 
loads were monitored on two adjacent specimens, the specimen paired to the failed specimen, 
and one specimen in the adjacent pair. The strain gage and recorder arrangement used had a 
fftiwhitiitH response time of wdl niuler 0.01 second. At failure, the load on the specimen paired 
to the specimen dropped to zero in 0.01 second. A conqiresshre load of 10% of the tensile 
ined was recorded for a duration of 0.01 second. The adjacent specimen lost about 20% of its 
tensile load for 0.02 second and recovered to 95% of the original load, which it maintained until 
the load was dtimped at 0.18 second; the load then decayed linearly to zero in about 1 second. 

12.3.11 AUTOMATIC OPEKATION. To do long-term testing at the lowest o»t and to be able to 
complete 50,000 hours testing in the shortest total time, the simulator must be automatic aud 
be capable of operating unattended 75% of the time. Experience over the last several years 
shows that the simulator has opera' ed on the average of 125 how per week. This is about 75% 
of the time available. The monitoring and safety features are largety responsQ>le for the off 
time- They are, however, very in^HMtant in order to avoid destrttying or damaging specimens 
during flight simulation testing - There are a number of other factors that have restricted the 
average run time to 125 hours per wedc. When equipment of this type is operated year after 
year, periodic maintenance must be pmformed. Recmdera, heat limps, hydraulic cylinders, 
lM»si-ing n and electronic components most be serviced or replaced. The equipment must be shut 
down to remove broken specimens. When shutdown occurs in early evening or during the 
weekend, additional tin^e is lost because the resin matrix qtedmens most be dried before oper- 
ation is resumed. 

Many wedu the simulator does ran close to the 168 hours possible, but when we take a four- 
year period we find the long time average is close to 125 hours per week. 

12.3 SPEOMOI CONFKMJRATION 

The mmotched specimen configuration for the long-term tests is shown in Figure 12-9. The 
mm pftirita portion of the specimen is 0.076 m (3 in.) by 0.46 m (18 in.). The tapered doublers 
bonded at each end of the specimen extend the overall length to 0.56 m (22 in.). Ahiminum 
spacers of the same thickness as the composite are used to fill the gaps between the titanhun 
doublers in the regions where the pin holra are located. The specimens are pin loaded to aisure 
uniform loading for the whiffletree arrangement used. Half of the resin matrix long-term ^led- 
m«»n« are prepared with notches consisting of 0.0064 m (0.25 in.) diameter holes. As shown in 
Figure 1 2-10, these holes are located so tlut they are centered in each of the six 0.025 m (1 in.) 
by 0.23 m (9 in.) post-test specimens to be cut from the notched long^Cerin specimens after 
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fli^t simulation exposure. These specimens are used to determine the residual notched tensile 
or fatigue strength of the composite ufter flight simulation. The unnotched long-term speci- 
mens are also cut into smaller pieces for residual strength testing. The original plan was to cut 
each long-term spedmen into twelve 0.013 m (0.5 in.) by 0.23 m (9 in.) post-test specimens. As 
discussed later, this plan was slightly modified as a result of the condition of the specimens at 
the completion of 10.000 hours of exposure. All of the post-test tensile and fatigue specimens 
will use bonded doublers as shown at the right in Figure 12-10. Two sets of quartz heat lamps 
0.23 m (9 in.) apart are positioned so that they heat a 0.05 m (2 ul) strip on each half of the long- 
term specimen (see Figure 12-6). This arrangement places the 0.05 m (2 in.) heated z<mes at the 
centers of the post-test spedmeirs. The edges of the heated zones are 0.025 m (1 in.) born the 
doublers so that the adhesive is not subjected to the operating tenqioature of the composite 
during simulation. Temperature measurements taken during testing showed the titanium end 
doublers to be ^tjnoximately 69 K (125* F) cooler than the 408 K (275* F) heated zones of the 
epoxy qiedmens and approximately 117 K (210* F) coohn than the 505 K (450* F) heated 
zones of the G/PI and B/ A1 specimens. One modification was made to the B/Al specimens to in- 
crease the efficiency of heating during flight simulation exposure. The heated zones on the 
sides facing the quartz heat lamps were coated with flat black, heat resistant paint to reduce 
reflection bom the aluminum surface. 

The requirements for the sh. ' -t-term fli^t simulation specimens were less restrictive than for 
the long-term specimens because only residual tensile strength properties were to be obtained 
after the 100 and 200 hours of exposure. With this in mind a short-tom specimen was designed 
that could be tensile tested after flight simulation with no further modifications, Le., machin- 
ing or doubler bonding. The specimen that was used is shown in Figure 12-1 1. A further advan- 
tage in using the 0.025 m (1 in.) wide specimen rather than the 0.076 m (3 in.) wide long-term 
configuration was a considerable savings in material To satisfy the pin loading requirement of 
the flight simulation apparatus it was necessary to use the 0.05 m (2 in.) wide end doublers 
shown in Figure 12-11. The space between each set of doublos not occupied by the end of the 
composite material was filled with aluminum sheet of the same thickness as the conqmsite. 
Also shown in Figure 12-11 is the notched specimen used for half of the resin matrix shMt-term 
tests. The 0.0064 m (0.25 in.) diameter holes, one in each half, are centered in the 0.05 m (2 in.) 
heated zones in like manner to the long-term specimens. 

12.4 RANDOM LOAD SKCTRUM 

The objective of the SCR spectrum generation task was to provide a load nimnlarinn that 
would representative of flight conditions during the life of a supersonic cruise aircraft and 
would be acceptable and remain acceptable to all concerned parties during this long real-time 
flight simulation test program. Developments (ref. 38 and 39) in random flight-by-flight load 
simulation have produced a simple method for genoating a random load sequence that 
matches the desired load-exceedance relationships on a mission segment basis. These studies 
have shown the importance of including the random character of the individual load, adhering 
to flight-by-flight profiles, and including the ground-oir-ground load for each fligh t 

Several assumptions were made to define the loading spectrum. The mission profile aiul loads 
data were obtained from reference 1. These data were also used for the study described in 
reference 2. The life of a supersonic cruise aircraft was assumed to consist of 25,000 flights of 
two hours duration each. For this work, each flight was assumed to be an “operational fli^t*' 
as defined by reference 1. Each flight consisted of a 10-minute climb, a 90-minute cruise, a 
20-minute descent, and a single landing load. The number of loads per fli^t and the number of 
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These values along with the other mission parameters were input to the General Dynamics 
Simulated History of Aircraft Missions (SHAM) computer procedure, which generated the 
load history (ref. 39). A t3rpical mission is shown in Figure 12-15. 

12 . 4 ^ SPECTRUM FOR THE SHORT-TERM TESTS. To set the magnitudes of the long-term loads for 
each composite system some accelerated testing had to be done. This was done by increasing 
the frequency of loading to the point where a half of a lifetime of loads could be applied to speci- 
mens of each composite system in 200 hours. These groups of specimens were held at constant 
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tenmeratures. The temperatures chosen were their maximam use temporatures. t^ts. 

which were run for 100 hours and 200 hours, are referred to as the slu»t-term t^. Tte objec- 
tive of the short-term testa was to apply as many mission loads as possible to the speci^M m 
a short time. The random character of the loads, the flight-by-fUght sequence, and the landing 
load were all maintained in the accelerated spectrum. 

It can be shown that the minimum periods of the longf-term test climb, cruise, and descent seg- 
ments are 8.5. 10. and 66.25 sec/load, respectively. To obtain a maximum cyclic rate of 50 cpm. 
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the minimum period for each segment should be 0.6 secload. The acceleration factors 
thus calculated as: 

<AF) climb = 8.5/0.6 = 14.167 
<AF) cruise - 10/0.6 = 16.67 
(AF) descent = 66.25/0.6 = 110.417 




were 
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Climb Segment 




152,000 

0 

0 

0 

0 

0.224 

2.53 

100,000 

0.04 

0.04 

0.2 

0.2 



10,000 

.27 

.095 

.520 

.308 



1.000 

.50 

.205 

.707 

.453 



100 

.73 

.375 

.854 

.612 



10 

.96 

.655 

.980 

.809 



5 

1.03 

.79 

1.015 

.889 



2 

1.13 

1.05 

1.063 

1.025 



1 

1.2 

1.43 

1.095 

1.196 





Cruise Segment 




130,000 

0 

0 

0 

0 
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2.16 

100,000 

0.01 

0.01 
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0.1 



10,000 
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.045 

.3 

.212 



1,000 

.165 

.130 

.406 

.361 



100 

.245 

.225 

.495 

.474 



10 

.32 

.325 

.576 

.570 



1 

.4 

.425 

.632 

.652 





Descent Segment 
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.346 
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100 
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10 

.305 

.18 

.552 

.424 



3 

.355 

.24 

.596 

.490 
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.4 

.34 

.632 

.583 



0.5 

.43 

.44 

.656 

.663 




These acceleration factors and the long-term test mission data were input to the SHAM proce- 
dure to produce the short-term test history. A flight lasts about 60 seconds and is divided into 
approximately 25 climb loads in 42 seconds, six cruise loads in seven seconds, and seven des- 
cent loads and one landing load in 11 seconds. A t}rpical load sequence is shown in Figure 
12-16. The accelerated spectrum results in an overall rate of one minute per flight, so that in 
100 hours of testing, about one fourth of a cruise aircraft lifetime (6000/25,000) can imposed. 

12.5 WEAROUT MODEL 

At the time these tests were started a wearout model had been developed and used on epoxy 
matrix composite systems. The fatigue and residual strength data from the short-term service 
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history tests on two of the four composite systems, i.e., G/E and B/E specimens, were analyzed 
using the wearout model developed in references 3 and 40 and previously used in references 41 
and 42. 

The wearout or fatigue model is reviewed here and examples of its use will be given for the 
epoxy system In the section on short-term test results. This model is based on four assump- 
tions (three physical and one mathematical form). 

SL Materials fail because of the presence of preexisting flaws. 

b. Flaws grow in a deterministic manner. The manner is determined by material pn^rties, 
state, and magnitude of the stresses at the flaw perimeter, history of applied stress; and 

. the thermal and mechanical history. 

c. The critical load for a structure is a function of instantaneous flaw state, and the distribu- 
tion of residual strengths deHnes the flaw field statistics. 

d. Damage rate accumulation is of the functional form: 

— =M • (f. (1) 

at 

where C is the flaw length and r is the flaw growth rate exponent 

The residual strength function can be shown to have the form 

_1 

Fr<0 = [ - A, (r-1) Af It-y] 2(r-D (2) 


where: 

Ai = with Fniim being the truncation load a measure of nns stress and F^^ being 

a reference nns stress leveL 

The term A 4 is related to the history-dependent constant (M) in Equation ( 1 ). 

The term r is the exponent of the flaw state (C) in Equation ( 1 ). 

The term ^ 1 /s is the slope of the In Fm„— In t curve and is related to r. 

The term t refers to time and t^ is a reference time condition. 

If the initial assumptions are correct, the results of varying stress history, environmental con- 
ditions, and geometry are contained in A 4 . 

Note that Equation (2) is a strictly monotonic decreasing function of time. Therefore, time t 
roust be measured after the initial stress relaxation occurs. If this point in time is considered to 
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be the ti m e origin, t — o. Equation (2) may be considK<^ apfdicable for aJl positive values of t. 
F (t = o) is the initial static strength of the component possessing a WeibuU (extreme value) 
distribution: 


F 


P(F(to) > F) = exp^ ^ 


(3) 


where and are the shape and scale parameters, respective, for the Weibull distribution. 
Intn^udng the Weibull flaw distribution. Equation (3), into Equation (2) gives the time- 
yar 3 ring residual strength distribution of the form: 


«o 


for 


P(FK(t) >FR) = exp-r^r!l!!5^‘l 

^2(r-l) J 


2(Fr 


(4) 


Fr > F 


P(0 < Fr (t) < F^) = 0 


and 


P (FR(t) = 0) * 1 - PIFrIO > F^) 


The probabilistic Equation (4) does not involve the refoenm time t^ which appears in Equa- 
tion (2), and agrees with Equation (3) when t = o. For fixed time t. it foUows from Equation (4) 
that the transformed variable FR(t)2<f-W has a truncated three-parameter Weibull distribution. 

The distribution depicted in Equation (4) has a limiting form for(F„,J/9J2(r-D « 1, which gives 
the lifetime distribution as: 


P(T > t) =s P [ FR(t) > Fn^] = exp - 




( 6 ) 


where: 


(r-hA4Af 


( 6 ) 


(7) 


If specimen behavior is found to be consistent with the model the following responses would 
be expected* 

a. The lifeti me shape parameter would be independent of nns stress, temperature, and 
humidity. 

b. Both the truncation load-endurance data and initial shape parameter to fatigue shape 
parameter relationsh^ will 3 rield consistent values of r. 
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c. Characteristic strengths and endurances will shift log-linearly. 

The program used to fit the wearout model to the experimental data sample is based on 
minimizing the ‘'error** between the prediction (model) and the data. The model parameters 
and tQ and the experimental data are available as “known” values for input. The program 
uses an iteration procedure to minimize the error (variance). The iterative solution may be 
accomplished by determining either the value of “r” or of “A4” that gives a mmlmiim error. 

When the value of r is to be used in iteration, a value of A4 must first be determined. The prob- 
abilistic model may be written in the form: 


{ gofln^l^o - FR(t) } 
A,Vl) 


2(r-D 


A4 (t-to) 


where: 


and 


P = P (FR(t)>FR) 


Af" = 1 

This equation is represented functionally as 
f{P.FR) = A,t 

Therefore, the consUmt A4 is the slope of the linear regression equation fitted to the enq>irical 
data. The iteration sequence is begun with an assumed value of “r” and repeated until tin error 
term, Le., the probabilistic squared difference between the model and the observed data, 
becomes a minimum. 

The application of this model to the short-term test data will be shown in Section 12.6. At that 
time it will become clear how the parameters A4, s, and Aj, are determine during the calcula- 
tions. 


a,0 


Weibull shape and scale parameters for the distribution of the tensile 
data. 


Of, 0 { 


Weibull parameters at time zero. 

«o , 

2(r-l) ’ (r-l)A4Af 
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Strength retention factor at 
In aT versus T curve. 
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_ Static strength. 

_ Residual strength function. 

_ Acceleration due to gravity. 

_ ProportionaUty constant in Equation (1). 

R Np is the average number of mean crossings per unit time. 

OveraU cycUc frequency of loads. 


n-26 


P(Fji(t) > Fr) - 


R 

s 


t 

T — Temperature. 

12.6 SHORT-TiRM FLIGHT SIMULATION 

The short-term tests were intended to provide the data necessary to set reasonable load levels 
for the long-term tests. These load levels were extremely important to the success of the long- 
term tests. A selection that was too high could result in failure of aU the specimens prior to 
coirq>letion of 50,000 hours of exposure. Conversely, a very low load level tni ghr. result in 
neit^ specimen failmes nor measureable changes in residual strength after 50,000 hours. The 
short-term tests were accomplished by accelerating the loading rate such that half a lifetime of 
loads was applied in 200 hours. During loading the specimens were exposed to the tnuTimnm 
use temperature for each composite material system. The loads for the short-term tests were 
set to induce some fatigue failures. Specimens that did not fail were tested for residual 
strength. These fatigue life and residual strength data were then used with the static ha««»li»in 
data to fit the wearout model and set the loads for the long-term tests. 

The short-term tests were additionally intended to check out the fli^t aimnyit io n apparatus 
and to provide the modes and statistics of failure. 

12-6.1 TEST PLAN AND PROCEDURES. For each material system a total of 40 specimens, in 
groups of 10, were subjected to the short-term flight simulation exposure tests. Fm B/Al, b^h 
unidirectional and [0‘ ± 45*], crossplied materials were tested while only [0* ± 45*], cr'jss- 
plied material was tested for the resin matrix systems. The unidirectional ^A1 was included 
because its significantly higher transverse strength and transvase and shear mnHnlii rhim 
those of the resin systems, offer a much greater potential fm structural applications. The 
cniginally scheduled unidirectional resin matrix specimens were changed to a no tc h e d 
[0* ± 45*], crosspty configuration. Tests were conducted for time periods of 100 ainl 200 hours. 
At ^ accelerate rate of loading that was used, this r^resented one-fourth and one-half 
lifetimes respectively. All tests on any one system were conducted at the -■wnru* temperature 
and load leveL 

Following the 100- and 200-hour exposures, all unfailed specimens were tested for residual ten- 
sile strength at the same temperature as used for the short-term tests. 

12.6.1.1 Temperafviw Selection. Selection of the short-term test temperatures was to be based 
on the results of the baseline tensile tests. It was planned to select a temperature in the region 
just below that where a distinct change in the slope of the strength versus temperature curve 


Probability function. 

Flaw growth rate exponent. 

Irregularity factor. 

The term — is the slope of the In F „„ versus In t curve and is 
related to r. 

Time. t„ is a reference time condition. 
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occurred. Generally, however, no distinct fall-off in strength was observed out to the maximum 
tensile test temperatures used for any of the matenals. At the time that the short-term tests 
were ready to begin, the thermal aging exposures had not been running long enough to provide 
data for selection of the flight simulation temperatures. Data from the literature for use in 
se l e ctin g the maximum use temperatures for 50.000-hour service was also lacking. However, at 
the tinw that the long-term tests were expected to start it was thought that sufficient thomal 
aging daU would then be available and that a rational sdection of exposure temperatures 
could be made at that time. Therefore, the temperatures selected for the short-term tests were 
in the region covered by the thermal aging tests. For the epoxy systems 422 K 1300* F) and for 
B/Al 505 K (450* F) were chosen. These temperatures were midway between those at which 
the r ma l aging exposures were currently in progress. To obtain a better comparison between 
the B/Al and the G/PI systems. 505 K (450* F) was also chosen for G/PI even though the mid- 
way tenqterature of the thermal aging tests was 533 K (500* F). 

12.5.1.2 Selection of Short Torm Loods. The loads for the short-term tests were set as high as 
possible to produce early fatigue failure and provide a basis for subsetfuent stress variations. 
The room temperature static ultimate strength is reduced by two independent factors to arrive 
at the desired load. One of these factors is strength retention at elevated temperature, f^. It 
was obuined from a retention curve as described bdow. The other facto is a risk facto, fp and 
was obtained from failure statistics by assuming that a 1% static failure rate is acceptable. 

no baseline tests were performed on B/E. its reduction factors were ob^ned ^m 
existing data. The procedure for the reduction of the G/E, G/PI, and B/Al data is described 
here. 

The ba seli"* data provides a starting point for setting the peak loads to be used during the 
short-term tests. The raw failure load data for a given material notch condition, and tempera- 
ture were fit with a Weibull distribution by linear regression to obtain the scale parameter, d. 
and the parameter, a. The temperature retention curve was plotted in the form of In a>i> 
versus temperature, where aj is the ratio of d at a given temperature to d at room temperature. 
The portion of this ciu-ve that exhibits linearity permits statistical pooling of the data over 
that temperature range. The pooling was accomplished by scaling each data point (load value) 
to its raw d estimate and using this ratio as the random variaUe. The resulting o was the pooled 
a for material and notch condition over the temperature range of interest. Using maximum 

likelih oo*! estimation techniques, a better estimate of the d for each temperature was obtained 

bom the original load data and the pooled a. These new d estimates were used to refine the In ai- 

versus T curve so that the temperature facto, fx- «w!d be obtained directly from the plot. The 
risk facto, fp was calculated from the pooled a s« tic first failure of 100 sanqites. or 

f,»(100) 

The permissible peak load was then th:? product: 

peak load = frftdRX 
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Tlie procedure for load selection is demonstrated below using the baseline tensile data for 

unnotched [0* i 45 “Jj G/E in a typical calculation: 

1. Fit a Weibull distribution to each set of raw load date (a distribution for each temperature, 
material, and notch condition). 

2. Plot temperature retention in the form of a In a-r versus T curve, where is dx^^RT* 

3. From Step 2, determine which sets of da a may be pooled (based on linear part of In a^ v«^ 

susT curve). 

4. Pool several temperatures by using X/j3x as the random variable. Obtain a pooled a for that 
metArial and notch condition. 

5. Recompute 0^ based on pooled a and original load data (use m aiti m u m likelihood 

estimator). Refine aj versus T with ^mle- ^ 

6. Compute risk factor based on 1% failure rate f, * (100) a 

7. Find tenqierature retention factor (fj) frcm refined ax versus T. 

8. Calculate peak load equal to fr^i^RX- 

Using the 35 tmsile strength values in Table 12-2, the procedure is followed to calculate the 

peak short-term load for G/E. 

1. The 0 and a rnliimns of the table list the value calculated from the daU at each 
temperature. 

2. Figure 12-17 shows a plot of In ax versus temperature using the values listed in the ax * 

column. 

3. From Figure 12-17, it was determined to pool all the data. 

4. An temperatures were used and the data shown in the Load//3 column was ordoed and used 
to find a pooled o. The computer makes this calculation. However, for clarity the nature of 
this calculation is shown in Table 12-2 and the WeibuU plot in Figure 12-18. The poded a 
for this case is 12.71. 

5. Recompute 8x based on <x — 12.71 and or igin a l load data for each temperature. The max- 
imum likelihood estimator formula is 


0 = 




1/a 


Results of this calculation are shown in Table 12-2 in tte ^mle 0f0RT columns. Now use 
this data to refine In ax versus T plot using ^mle- These points leave Figure 12-17 essentially 
unchanged. 
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870 

4034 

907 

4190 

942 

11.79 

069 

•2 



3879 

872 







.3 



4359 

980 







BCOl-6 

297 

75 

5031 

1131 

4444 

999 

4702 

1057 

7.40 

1.0 

-7 



3905 

878 







6 



4377 

984 







BCOM 

394 

250 

4257 

957 

4644 

1044 

4875 

1096 

9.61 

1,04 




4101 

922 







•16 



3914 

880 







•22 



4871 

1095 







-23 



4448 

1000 







-24 



5782 

1300 







-25 



4804 

1080 







•26 



4848 

1090 







•27 



4670 

1050 







-28 



4724 

1062 







BCOl-9 

408 

275 

4492 

1010 

4537 

1020 

4750 

1068 

9.34 

l.Ol 

•10 


_ 

4097 

921 







•17 



5026 

1130 







BCOMl 

422 

300 

4919 

1106 

4635 

1042 

4790 

1077 

13.16 

1.02 

•18 



4270 

960 







-19 



4715 

1060 







BCOl-12 

436 

325 

4657 

1047 

4662 

1048 

4786 

1076 

17.09 

1.02 

-13 



5249 

1180 







•20 



4404 

990 








BC0M4 

•15 

•21 

•29 

•30 

•31 

•32 

•33 

•34 

-35 


450 


350 4008 

4884 
4670 
4715 
4635 
3941 
4270 
5293 
4670 
5338 


901 4644 

1098 
1050 
1060 
1042 
886 
960 
1190 
1050 
1200 


1044 4853 1091 


.93 

1.04 


.83 

.93 

67 

64 

60 

1.00 

.91 

1.19 

.99 

.99 

.96 

.97 

.95 

66 

1.06 

1.03 

69 

.96 

.97 

1.03 

.92 

.83 

1.01 

66 

.97 

66 

61 

68 

1.09 
.96 

1.10 
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1_ 

6. Risk factor based on 1% failure rate was then calculated as f, = (100) — q 7Q 

7. The tenqierature retention factor was considered to be 1.0 for this faao 

8. The peak load is equal to: 

0.70 X 1.0 X [4684 N (1053 lb) [ = 3278 N (737 lb) 

Because the tensile specimens were 0.013 m (0.5 in.) wide, the peak load pet inch is 6557 N 
(1474 lb). 

In a s uni l ar manner the baseline test data for the other composite systems were anal3rzed for 
both the notched and unnotched cases. The B/Al data were calculated for unidirectional and 
crossplied materials. The reduction factors and calculated peak loads are given in Table 12-3. 
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PIgur* 12-lt Plot of Peolod Data to Got a for O/i 




TobU !2*d. Summary of Roductlon Factors, loads, and Strossos for Shoii-Torm Tosts 


"P««k iMid Hsndkif lo«4 P««k StrvM Lwidliiy StrsM 9 Str«M 




», 

•t 

N 

{lb} 

N 

w 


(kfi) 

MN/fn> 

(M 

MN/m> 

(ksi) 

b;e 

Unnocched 

0.79 

0.80 

6218 

1398 

-1557 

-350 

321 

46.6 

- 80 

-11.7 

161 

23.3 


NoedMd 

.79 

.80 

3483 

783 

- 872 

-196 

248 

36.0 

- 62 

- 9.0 

124 

18.0 

G.E 

Unnocch«d 

.70 

l.O 

6557 

1474 

-1637 

-368 

338 

49.1 

- 85 

-12.3 

169 

24.6 


Noedwd 

.68 

l.O 

3616 

813 

- 903 

-203 

249 

36.1 

- 62 

- 9.0 

125 

18.1 

a aT 

“lo*j^ 

.77 

.91 

2531 

5690 

-63» 

-1422 

956 

138.8^ 

-239 

-34.7 

478 

69.4 


(0* i: 45*1, 

.71 

.82 

8451 

1900 

-2117 

- 476 

345 

50.0 

- 86 

-12.5 

177 

25.0 

G;PI 

UnooicH«d 

.68 

1.0 

4948 

1112 

-1237 

- 278 

207 

30.1 

- 52 

- 7.5 

104 

15.1 


NotdvKl 

.68 

1.0 

2593 

583 

- 649 

- 146 

141 

20.5 

- 35 

- 5.1 

71 

10.3 


Note: Stresses bejcd on the following thicknesses: 


B. E. Unnotched: 
B/E. Notched: 
G/E, Unnotched: 
G E. Notched: 
G/Pl. Unnotched: 
G/Pl. Notched: 
B/Al K)%: 

B/Al (0* t 45*1,: 


0.00076 m (0.030 in.) 
.00074 m (.029 in.) 
.00076 m (.030 in.) 
.00076 m (.030 in.) 
,00094 m (.036 in.) 
,00089 m (.035 in.) 
,00104 m (.041 in.) 
.00097 ta (.038 in.) 


• Peak load - 

^ Landing load is defined as negative 25^o of peak load 
^ One g stress is defined as 50"o of peak stress 


12.6.1.3 Tatf frocodura. Before ms tailing the short-term specimens in the flight simulation 
apparatus, width and thickness measurements were determined, and the average cross-sectional 
areas were calculated for each set of 10. These areas were used to obtain the flight simulation 
stresses and. for specimens that did not fail, to calculate the residual tensile strengths after 
post-exposure testing. The specimens were then installed in the test machine, thermocouples 
were attached, the compression stiffening grids were bolted in place, and all resin^matrix speci- 
mens were heated to 422 K (300^ F) for 24 hours to remove any absorbed moisture. Before 
starting the tests, each set of 10 specimens was proof loaded to the maximum load value that it 
would experience during the 100- or 200-hcur, short-term exposure. 

Once started, the short-term testing of any one set continued uninterrupted until completion 
unless specimen failure or equipment malfunction occurred. If the test was halted for 24 hours 
or more, an additional moisture bakeout of four hours was performed on all except the B/Ai 
specimens. 

At the completion of the 100- or 200-hour flight simulation exposures, the specimens were 
removed from the simulator and visually examined with a stereo microscope to check for 
changes in appearance or the presence of surface flaws such as cracks or delaminations. After 
the visual examination, the short-term specimens were tensile tested at the same temperatures 
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at which they had been exposed. Testing was performed in a TimuaOIson Universal testing 
machine at a head rate of 0.0013 m (0.05 in.) per minute. Heating of the specimens wm ac^- 
plished with two ring furnaces that encircled the specimen at ^e ^o a^ that tod been 
Cted during the simulation exposures. This technique was used r^ than m environiMn- 
tal to prevent the possibility of premature failures m ttie dmbkr adhesive. The two 

ring furnaces were independenUy controlled by manually ad|u^ two supplies. 

Spemture was monitored with thermocouples attached to the test s^ons. The 
specto^ were heated to the desired test temperature m appronmately 10 mmutw imd tton 
hSl at temperature for an additional 10 mmutes befwa testing. Tempmture was held to ±3 
K (5® F) during both the hold period and while tes' ’-»g. Figure 12*19 shows a spedron m the 
testing machine mth the two ring furnaces in place. If the resin matrix specinMns were ^t ten- 
sQe within 48 hours of completion of the fU^t simulatwn exposure, they ww pven a 

bakeout treatment at 394 K (250® F) for at kuat 24 hours to ronove any absorbed moisture. 

12.6.1,4 Problem Armis. In addition to providing the data nece*^ to srt Ae load levels for 
the long-term teste, the shortrterm test program was also intenjid to cheA out the loadi^ 
facflity and the suitabiKty of specimen design and fabrication. Numerous deficiencies m the 
fBght simulation apparatus were detected and corrective measures were take^ &me of the 
equipment problems included: malfunctioning of solid-state pow ^trol vdta^ 

^^tete that interfered with the temperature control circuits, lack of prc^ safe^ valvm in 
the hydraulic system, improperly positioned lamps ^ thenn^pl^ ^ niJl 

dowim of the entire system caused by both electromc and mechanic^ difficulties ^ the 
Kramming systems. Because of the complexity of the flight aimolation appm^ and the 
tttremely long run times involved in the test program, it wj» not imexpected that equipment 
malfunctions and component wearoute would occur from time to time. 

One problem involving support equipment rather than the simulator was caused by 
of ttowmpression stiffeners (steel grids bolted to the spedmens ^ prevent bud^. see 
Figure 12-7, during fatigue cycling. These fixtures tended to r^te shgh^ and/or nde too low 
on the sperinens, leaving an unsupported column of compo^ ^ipraximately 0.0025 iiM^l 
in.) long attto top. During the compressive loading portion of the ^ «>“« buckling or ^* 
^ ^ occur. It was most noticeable for the unidirectional B/Al where the compr«iaive loads 
were considerably greater. Spacers were prepared that when hmerted between tto grips 
and tto stiffen^, supported tto stiffener, assured that they were centered about the 
specimen, and greatly reduced the unsupported cohmm of compo^ matenaL Tto spac^ 
^l^ced rotation of the stiffeners during fatigue loading. One other probkm reur^^ the 
compression fixtures was abrasion of the soft B/Al spedmeM dur^fiiti^e 
frettuig corrosion). The addition of the spacers reduced the rdative movement be^n toe 
stiff^ and specimen and. thereby, eliminated much of the weming. Fm^er redu^ m the 
abrasion of the aluminum surface of the B/Al spedmens was accomptohed by apphcation of a 
stratified Teflon coating to the compression stiffraiers. By tto time these mc^rarioM were 
completed, however, considerable surface abrasion tod occurred on the B/Al short-term 

spedmens. 

A problem encountered early in the testing of the B/Al short-term specimens was premature 
failure at the edge of the end doublers caused by undercutting of tto B/Al dirag removal of 
excess adhesive when fitting the compression stiffeners. The problem was ehmiMted m the 
long-tOTn tests by modifying the fabrication procedures. Another problem was a bond failure 
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Figure 12-19 T#»t S«tup for Rotiduol Sfrongth Dotormlnotloni Aftor 100-hr and 200-hr Short-Torm 
Simulotion Expofuros 
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at the titanium doublers of the crossply specimens. A solution to this problem was found by 
installing a Ti-6A1-4V rivet on each end of the specunens through the titanium doublers and 
the B/Al material. A more difficult problem was the attachment of end doublers to the 
unidirectional specimens. For these specimens, the test loads were much higher than used for 
the crossply specimens with correspondingly higher shear stresses at the doublers. For 
unidirectional specimens, rivets did not solve the problem. Failures occurred in the doublers by 
shearout of the B/Al behind the rivets. Other techniques that were considered were brazing, 
diffusion bonding, diffusion braze bonding, spot welding, and mechanical clamping. The 
method selected was a damping device on each end of the B/Al unidirectional short-term 
sp^imens. The clamp was placed near the tip of the doublers in the tapered portion. To assure 
uniform contact between the clamps and the doublers, flats were milled on each side at the con- 
tact areas. The purpose of the clamps was to increase the normal force reacting on the 
specimen and to decrease the tendency of the doublers to peel during flight cycle loading. An 
overall view of a B/ A1 specimen is shown in Figure 12-20 with a closeup view of the tapered sec- 
tion of the doubler shown in Figure 12-21. This technique proved to be successful for the short- 
term tests and was also used for the long-term testing of both the crossplied and unidirectional 
B/Al. Figure 12-7 shows the clamps in use during the long-term tests. 

12-4.2 SHORT-1 ERM TEST RESULTS. Following the short-term flight simulation exposures, all 
specimens were removed from the test apparatus, examined visually, and then tensile tested 
for residual strength at the same temperature as was used for the flight simulation tests. The 
foUowing sections describe the results of these examinations and tensile tests. 

12.6.2.1 Pott Simulation Exominotlont 

R/'E. [0° ± 45®]^, unnotchod, 100 hours. After 100 hours the major change in the specimens was 
a distinct discoloring in the two heated zones of each specimen. These color changes were very 
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Figure 12-20 Ovoroll VIow of R/AI Short-Term Specimen wMi Flats Mined in Titanium Doublers lor 
Clampi 
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F„«r. 1M1 Cl-«.P-Vi^ ^ 

Clomp 

o^^rve. d„H.« th. 

considered normal for these exi»sure was visible. No fibers were 

«s consider«l to bo 

negligible. 

900 hour. The added 100 hours of flight Simulation exposure did 

,too.U-t*«Hb«..bove. 

B/E [0» ± 450],. notciwd 100 hours 

specimens was identical to ^J*®. to\he center i the heated areas, no apparent 
n^hes, 0.0064 m (0.25 “ ‘ w 

damage was visible. In ^ oj ^ch hole. SmaD portions of some of the boron 

amount of chipping filaments were exposed where the epoxy mat™ 

of either the exposed fihunents or the matrix was visib 

after the 100- or 200-hour exposures. 

o«, 1.- ± «•!.. 

100 hours of exposure. ^^*®®°^?”7bSiSr to tEit found during thermal aging of G/E «*• «0 K 
specimens and. again, was quite ^ fS»4TexpeSnced any visible damage. In this 
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delamination of the outer ply is shown in Figure 12-22, an edge view of the specimen. Also visi- 
ble in the photo is a crack that passes through the second, third, and fourth plies and extends 
for several mm between the fourth and fifth plies. The effect of this flaw on the residual tensile 
strength, however, was minor (see Sectkm 12.6.2.2, Table 12-6). 

Three of the specimens in this set failed during the flight simulation exposure, one in 10.6 
hours and the other two both at 54.2 hours. The first, BC84-6, is shown in Figure 12-23. While 
three breaks occurred along the length of the specimen, it is thought that the failure initiated 
in the heated zone. Multiple fiactnres of this type are common to these long specimens. This is 
especially true when faded_in a "soft’^test machine with the sudden release of a large amount 
of stored eneri^. The second specimen (BC84-2, 54.2 hours) also failed in one of the heated 
areas and was also a fatigue failure. 

This specimen was of interest in that a crack had also formed at the other heated area but did 
not propagate sufficiently to fail the specimen at that location. An edge view of this crack is 
shown in Figure 12-24. The cradc, while not deq», has extended through all six plies. Some 
delamination of the outer layers is also evident. 

The third specimen (B^4-l, 54.2 hours), which was in the same set of two as BC84-2, failed in 
the doubler. Although it nas been established that no transfer of load from a failed specimen to 
an adjacent one occurs, the failure of BC84-2 is thought to have been responsible in some 
unknown way for the apparently simultaneous failure of BC84-1. The time of failure and loca- 
tion of fracture make it improbable that this was a true random fatigue failure Hence, this 
specimen was discoimted in the data anafysis. 



Figure 12-22 Edge Crack end Daknnlnation In SpKloMn KM-7, C/E. Unnotchod, Aftor 1«0-hr SinwIoHon 
Exposure at 422 K {300" F) 
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G/E ro® ± 45«1 , unnotchad, 200 hour*. These 10 specimens completed 200 hours with no 
faiiares. The specimens experienced color changes si^ to the others 
minor abrasion from the compression stiffeners. No edge cracks were f^d 
sli^t splintering cf the outer pUes in several of the specimens. These effects were small an 

were observed only at the edges. 

C/E ro« ± 45®1 notchod, 100 hour*. These 10 specimens completed 100 hours with no failures. 
The specimens*experienced color changes sinular to the unnotched specunens and nunor abra- 
^onfr^The compression stiffeners. Minor cracking of the i^er surface of ^veral of the holes 
was visible. With the exception of one specimen, these cracks were very shallow and did not 
appear to be very significant. The exception was specimen BF84-8. which jontam^ a 
theater one or two plies extending from one of the holes for apprommately 0.0025 m (0.1 m). 
Figure 12-25 shows the location and extent of the crack on the of 

Figure 12-26 shows the crack extending into the inner ^ace of the hole. Sm^er b^ch 
cr»^ are also visible in the two middle plies. An overall view of this specimen is shown m 

Figure 12-27. 

G/E ro® ± 45®1 notched, 200 hour*. These specimens. aU of which completed 200 hours, were 
very similar in Appearance to the previous group. The only differenc^as for 

of the holes After 200 hours, the number of fine cracks was mcrecsed over that observ^for 
the 100 hour specimens. These cracks were stiU smaU and quite shallow, however. These 
cracks, which wPe found in about half of the specimens, did not seem to mfluence the residual 

tensile properties. 



Figure 


12-25 Spaclmen »Ft4-8, G/E, Nutciwd. AHw 100-hr SImulotton Expotur. at 422 K {300® f) 
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Figur# 12-24 


VI«» l^ln Cr.* •*« 

Notched. Aft#r IQO-hr SImulatloii U^awrm of 422 K {300® F) 





CRACK SHOWN IN FIGURES 12- 25 AND 12- 26 
LOCATED AT ARROW. 
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scope revealed the presence of numer ^ ^ 10 specimens of this group. Figure 

totheenddoublers.These^ ^ U.e transverse 

12-28 is an enlargement of the w undercut during the process of reinovmg excess 

cracks were located in regions that Iwd during bonding. It was 

adhesive that had flowed from ® . compression fixtures would fit securely to the 

necessary to remove combination of a very hard adhesive and soft annealed 

test section between the doublers. Th - ^0 0004 in.) of aluminum covers the 

aluminum led to the problem, ^ before exposing the 

first layer of boron filaments, so tte s^imens with the attendant 

boron filaments. The (K84-9) that broke after 65.4 

transverse cracking were twofold. Exanu and was caused by the growth of these 

hours of eipoow suggestt f apponnt from s compmisoo of the fi^ 

cmcksm^sbit^r.^ 

edge of specimen ECM-9 (Fi^re . that residual strength tesUngof the exposed 

second consequence of these l, 3 bly be of little value because of the likelihood of 

specimens in their present condiUon *l_nW«i^those that were cracked). Therefore, rather 

premature failure of at least seven o. 15 m (6 in.) were cut 

ihan test the fuD sixe specimens, subsixe coupes 0^13 JLci^ Figure 12-30 is 

from an area adjacent to the end dou suecimens were prepared. Note that half of the 

a sketch showing the d®^* °lfof ^ 

that contribuwd to this surfms, dsmsgu 



FIgMf* W-2* fCS4.4. i/Al. Cr«i»ply. 


Aftw^ 10#-lic SfamHotloii Eapeture al StS K (450» F) 
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12-2f Sp«clm«n ECM-f, B/AI, Crottply, Whkh foiM Alt#r 45.4 hr of Simulotlon Expotoro ol SOS K 
(450® F) 


B/AI. [0® ± 45®],. unnotchod. 200 hours. During the first 100 hours of exposure, doubler bond 
failures were experienced on five of the specimens. At the end of 100 hours, all specimens were 
removed from the apparatus, new doublers were attached where bond failures had occurred, 
and rivets were installed in the doublers of ail 10 specimens. No more bond failures were 
observed during the remainder of the test. Four specimens did fail in the B/Al however, before 
completing 200 hours of exposure. All four failed at the same time (one with 105 hours of test 
time and three with 136 hours). Three failed in the heated zones, and the fourth specimen failed 
about 0.008 m (0.3 in) from a i^Hibler. Failure undoubtedly occurred during a very high load 
portion of the random load spectrum, but the probability of four true fatigue failures occurring 
simultaneously is quite small. All four specimens had abraded regions at the site of the frac- 
tures. Of these, three appeared to have b^n severe enough to possibly have initiated the frac- 
ture. Figure 12-31 shows one of these specimens. Fracture occurred 45® to the length of the 
specimen except in the region of the abrasion. Test coupons were cut from the heated areas of 
these specimens at the ends away from the fractures. 

The remaining six specimens completed 2Q0 hours without failures. Examination of these 
specimens with a stereo microscope revealed the wear marks caused by the relative motion of 
the specimens and compression stiffeners. This is a type of fretting corrosion that in aluminum 
is generally accompanied by a black powdery residue of aluminum oxide. The effect is clearly 
visible in Figure 1 2-3 1 . Also noticeable on the specimens were numerous surface cracks located 
in the heated zones. An example of these cracks is shown in Figure 12-32. In all cases, these 
longitudinal cracks extend from regions where one or more of the outer layer boron fibers have 
fractured. Although not obser\'ed during the original examination, a recheck of the 100-hour. 
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Enlaifwl Vl*w of Follod End of Spocimon ECM-7. i/AI, OomrIt. Which FoUod Aftor IM.i 
hr oi SImulotlon Exposur* of 505 K (450® F) 
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Enlarged Vl«w of Surface Crock* Found In Hootod Zonot of 0/AI Crottply Spocimon* Aftor 
200 hr of SImulotlon Exposuro ot 505 K (450® F), Spocimon EC32-3 



a. 


constMt unpUtude fatigue tastmg of B/Al at ?»'.« p* , the few eon- 
term tests), surface roughness was also not observed. 

term testing J^*J{2h^es geneSy occurred at the i^per bonds where test tempera- 

m the doubter Iwnds Theses ^ ^ ^ maximum versus 372 K (210» F) maximum 

tures reached K«nll failures were the result of the considerably higher loads 

a, the to.^ Bf" 

B/Al. These included: 

r. •. luafVtaR/Alverv close to the edge of the doubters. At the bottom end. these failures 

Fadures m the B/Al gaging into the soft aluminum dunng the compres- 

ing hooding. Theae failures occurred during the high tensile loads. 

'^tSXiSiof 

’-Htting and/or failure occurred. 

C. Specimen, that were riveted to increase doubler ndiabUity all failed in the doubler, by 
shearout of tho B/Al behind the rivets. 

cycling. These damaged regions could ultimately uutiate failure. 

Oneoftheobie«iv.,of^sho.t.t.^^^ 

solutions prior to the st^ of the 50.000-how. long wim iwjp 8 

ing technique ®f StSS^ tt low« stiffeners greatly 

reliability. Spacers mserted ^t , . , . . . „ reduced the incidence of compressive 

decreased the uns^ported coin™ coating on the sUffener, 

o' «“ oo" 

specimens. 

Because of the«i testing 

200-hour short-^«m available for^iesidual strength testing. Several of the 

hours and six J2M hou ^ huMes. Many specimens also 

specimens were t° , n^^rks from stiffener abrasion and surface cracks and 

'eJ^ iS2min«iTns"lt was possibie. however, to cut subsize coupons. 0.013 m ,0.5 in.l by 0.1 5 
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m (6 in.), from good areas of each of the short-term specimens as shown previously in Figure 
12-30. The surface cracks were much less pronounc^ in the unidirectional specimens than 
observed in the 200-hour crossply specimens. Again no surface roughening similar to that 
found after fatigue testing at 516 K (550® F) was seen on the unidirectional short-term 
specimens. 

G/PI. [0® ± 45®],, unnotched, 100 hours. In like manner to the unidirectional B/Al. the number 
of umotched G/PI short-term specimens was somewhat less than originally planned. The 
reasons for this were twofold: 

a. During proof loading f the G/PI system, nine of the unnotched specimens fa^. These 
specimens, however, tailed in a manner similar in appearance to the baseline tensile 
specimens. The reason for the premature failures was thought to be either 1) an error in the 
applied load, or 2) lower than expected material strength. The first reason seemed unlikely 
as three independent strain measuring systems were used to monitor the iMds. However, 
as a further check. 10 strain gaged dummy specimens of aluminum were installed in the 
flight simulation apparatus. Load checks in the region of interest indicated that the total 
applied load and the 10 individual loads were in agreement for a’l the measuring systems. 
To check the tensile properties of the panel (LRC-59) from which the short-term specimens 
were cut. two specimens were obtained from the small piece remaining from the paneL 
Several additional tensiles were also cut from the failed short-term specimens. These were 
then tensile tested at 505 K (450® F) using both a normal loading rate. 0.0013 m (0.05 in.) 
per minute, and a rate similar to that used during the proof test. The results, which were 
independent of load rate, showed the short-term panel to have an average tensile strength 
about 69 MN/m2 (10 ksi) lower than the panel from which the baseline daU were obtained. 
This same 69 MN/m2 (10 ksi) lower value was found for the panel (LRC-60) that supplied 
the notched short-term specimens. Using the daU from panels LRC-59 and 60 and that 
from additional specimens cut from the short-term specunens that had failed during the 
proof test, revised short-term loads were determined and testing was begun. However, 
because of the loss of the specimens during the first proof test, only seven specimens each 
were available for the 100-hour and 200-hour unnotched short-term exposures. No notched 
short-term specimens had failed so that full sets of 10 were available for the 100-hour and 
200-hour time periods. 

b. During the short-term testing of the G/PI specimens, almost all the 200-hour unnotched 
specimens were failed during a compressive overload. The accident occurred as the result of 
an operator error when an incorrect hydraulic vahre was opened. Twting was interrupted 
while seven additional specimens were fabricated from spare material Again a full set of 
specimens could not be prepared because of a lack of extra material Just before completing 
the short-term tests, another compressive overload occurred. This incident resulted in four 
additional specimen failures, three unnotched and one notched. The cause of the overload 
was traced to the load programmer. The malfunction, which could have occurred later dur- 
ing long-term testing, was corrected. Again, one objective of the short-term test program 
was to uncover the problems and equipment deficiencies that, if not found, could be very 
costly during the long-term test program. 

The five unnotched specimens of this group completed the 100 hours of exposure with almost 
no change in color or surface texture. There was a slight amount of surface damage on four of 
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the specimens from the stiffening grids, but this was not believed to have had any effect on 
residual tensBe properties. All ol the specimens shewed slight edge cracking, generally in the 
heated regions or near the doublers. A typical example can be seen in Figure 12-33. Again, 
these edge cracks probably did not affect the residual tensile strength, although in a compres- 
sion or shear test they likely would have been important. 

G/Pt, [O** ± 450 ],, unnotched, 200 hours. The added 100 hours of flight Emulation exposure did 
not change the appearance of these specimens from that described above. 

C/PI. [0*> ± 45°],. nolchod. 100 hours and 200 hours. The overall appearance of the notched 
^edmens was identical to the unnotched specimens previously discussed. Shght surface 
damage from the stiffening grids and shallow edge cracks were visible on most of the 
qweimens. Figure 12-34 .^hows an edge view of one of the edge cradeed specimens. During 
residual strength testing, failure occurred at the hole in this notched specimen approximately 
0^004 m (1.6 in.) from the edge crack. Two of the 200-hour specimms also showed slight cracks 
at the holes. The cracks were small and were not thought to have been a factor during residual 
strength testing. 

\Uk2.1 Rasidual Tanslla Strength Doto. Following the examination of the 100-hour and 
20Ghour shrat-term flight simulation specimens, residual tensile strength tests were con- 
ducted. These tensile tests were made at the same temperatures as the simulation exposures. 
422 K (300® F) for the B/E and G/E systems and 505 K (450® F) for both the G/PI and B/Al 
mfriaiq Full sets of residual strength data were obtained for the q>oxies except for the 
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EJ,. C»<kl., I" Sf-I— ■«'•»• O'"' "" 

Expotur* ot 505 K (450® F) 


» r/F where three simulation failures occurred. Only partial sete of daU 
100 -hour unnotch^ G^ w^^^^^ numerous testmg and ^^enal 

w«e available from the u/rl a The test results, both tensile strengths and 

problems previously discussed in iVs for^/E Tables 12-6 and 12-7 for G/E, Tables 

failure loads, are given ‘n Tabtes ^ ^ „ 1 1 for B/ A1 The widths of the unnotched resin 

,™i 12-9 for G/PI. .U. 0.025 m 11.0 io.. wide 

ETiSth^SS^rmT25 All the BlAI rooidod atrongth apooimons ware 

0.013 m (0.50 in.) in width. 



B IJ I «»r.noth Data fO® ± 45®L, */E. Unnotehad, Exposed ot 422 K (300® F) and 

Tobl. 12-4. Short-Tarm 

Tantllo Tostod at 422 K (300® P) 


$p«clm«n 

Number 


Expoiur* Tlm« 

(hO 


kN (kip) 


Str«n9th 
MN/m^ (Vil) 


AC82-1 

-2 

-3 

-4 

-5 

-6 

-7 

•8 

-9 

•10 


AC83-1 

-2 
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Tabu 12-5. Shoct-Tona Rotlduoi Strangth OcU. [0« ± 45o],. 8/S. Molchad. Expotod ot 422 K (300» F) end 
Tonsil# TMlod at 422 K (300^ F) 


Number 

Eji|>Qfur» Tim# 
(hr) 

Lood 

kN 

(Wp) 

Nofdi#d 
T#fisll# Str#fif|th 

MN/m? 

AF84*1 

100 

6.12 

1^77 

416 (a) 

60.4 

-2 

100 

6.41 

1.440 

452 

65.5 

-3 

100 

6.32 

1.420 

445 

64.6 


100 

6.23 

1.400 

433 

62.8 

.5 

100 

6.85 

1.540 

485 

70.3 

*6 

100 

6.04 

1J57 

427 

62.0 

.7 

100 

6.05 

1.360 

423 

61.3 

*6 

100 

5.38 

1.210 

379 

55.0 

.9 

100 

6.36 

1.430 

446 

64.7 

-10 

100 

6.61 

1.485 

467 

67.8 



Bve 6.24 

1.400 

437 

63.4 

AF82-1 

200 

5.96 

1.340 

420 

60.9 

-2 

200 

6.49 

1.458 

451 

65.4 

-3 

200 

5.98 

1.345 

430 

62.3 

-4 

200 

4.98 

1.120 

354 

51.4 

-5 

200 

6.32 

1.420 

471 

68.3 


200 

6.41 

1.440 

475 

68.9 

-7 

200 

5.78 

1.300 

419 

60.7 

-8 

200 

5.78 

1.300 

419 

60.7 

.9 

200 

5.69 

1.280 

403 

58.4 

-10 

200 

5.56 

1.250 

412 

59.8 



ave 5.90 

1.330 

425 

61.7 

• Net section strength. Le.. based on total width less hole diameter. 
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•j , .,h Dotn W *■ ^1. bqxwd ot 4M K (300*> f ) « 

jM. 12-4. ?r* 

T«n>lU T«ft^ at 422 K (300» F) 


Spodmon 

Numbar 


Expotura Tin* 
(hr) 


IcN (Up) 


TmiU Strength 
wi/ifi* (wr 


BC84-1 

•2 

-3 

-4 

•6 

-6 

-7 

-8 

-9 

-10 


7.09 L596 

8.09 1.818 

9.34 2J00 


BC81-1 

-2 

BC82-3 

-4 

-5 

S 

-7 

-8 

-9 

-10 


9.74 2.190 

7.34 L650 

G.56 L475 

9.67 2J75 

S.10 1^ 

10.1 2.260 

9.56 2.150 

ave 896 2920 




• Th4S9e specimens mueu — 

b This specimen had a smaU 
tensOe testing occoned at thi^location. 
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j. 1 rth Data [0» ± 4S»1,, O/E. Molchad. Expowd ot 422 K {W> F) 
T«fisil« T«ft#d Of 422 K (300® F) 



BF 84-1 

-2 

-3 

-4 

-5 

-6 

-7 

-9 

-10 


100 

100 

100 

100 

100 

100 

100 

100 

100 

ave 


5.69 

5.36 

6.05 1^60 

5.60 1.260 

6.29 1-415 

6.06 1.360 

6.29 1.415 

5.78 1.300 

6.00 1.350 

5.90 1.330 - 


403 58.4 

405 58.8 

439 63.6 

412 59.7 

434 62.9 

424 61.5 

436 63.2 

425 61.6 

450 65.2 

425 . 61.7 


BF 82-1 

-2 

-3 

-4 

-5 

-6 

-7 

-8 

-9 

-10 


200 

200 

200 

200 

200 

200 

200 

200 

200 

200 

ave 


5.69 

1.280 

4.98 

1.120 

5.20 

1.170 

5.87 

1.320 

6.16 

1.385 

5.65 

1.270 

5.43 

1.220 

5.69 

1.280 

5.38 

1.210 

4.17 

.937 

5.42 

1.220 


392 56.9 

367 53.3 

414 60.0 

444 64.4 

452 65.6 

438 63.5 

429 62.2 

465 67.4 

394 57.1 

343 * 9.8 

414 60.0 
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T«nfll« ot 505 K (450® F) 


Sp«clm*n 

NuRib*r 


Expotwr* Tim* 
(hr) 


kN (kip) 


T*iuil« Strmgth 
MN/m> (ksl) 


DC81-12 

DC82-5 

•9 

■10 

-12 


100 

100 

100 

100 

100 

ave 


8.12 1.828 
7.83 1.760 

7.41 1.665 

7^ 1.650 

8.32 1.870 

7.80 1.750 


402 58.3 

395 57.3 

425 61.7 

388 56.3 

393 57.0 

401 58.1 
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T«f»ll# Of 505 K (4S0® F) 


Spodmofi 

Numbor 


£xposvro Timo 
(hr) 


to ml T«mI* StfMgih 

kN (WP) 



100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

ave 


4.11 0.925 

4.83 1.085 

4.89 1-100 

4.07 .915 

5.38 1.210 

4.71 1.060 

4.29 .965 

4.56 1.025 

4.67 1.050 

3.83 .860 

4.53 1.020 


241 34.9 

301 43.7 

295 42.8 

240 34.8 

325 47.1 

294 42.6 

266 38.6 

285 41.3 

286 41.5 

234 34.0 

277 40.1 


DF 82-1 

-2 

-3 

-5 

-7 

-8 

-9 

-10 


200 

200 

200 

200 

200 

200 

200 

200 

200 

ave 


5.11 1-148 

3.91 .880 

5.60 1.260 

4.20 .945 

4.91 1.104 

4.50 1-012 

4.92 1.105 

4.78 1.075 

5.27 1.185 

4.80 1.080 


319 46.3 

236 34.2 

328 47.6 

247 35.8 

305 44.2 

265 38.5 

308 44.6 

295 42.8 

311 45.1 

290 42.1 
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TaU* 12-11. Sbort-Tarm iMidwal SIimijiHi 0«I«. [0“]4 i/AI. 
Wte «t 505 K (450® f) 


Uanolchad. Expotad at 505 K (450® P) ood 


fxpoMN* Tima 
(hr) 


load 


kN 


(kip) 


MN/m* (faQ 


EU8S-1 

-3 

•6 

-9 

EU86^ 

•6 

Eurr-ii 

-12 

-14 


100 

175 

100 

19.0 

100 

175 

100 

175 

100 

175 

100 

18.0 

100 

215 

100 

21.7 

100 

125 


ave 18.1 


3550 

1480 

211 

4580 

1610 

233 

4.010 

1490 

216 

3.900 

1410 

205 

3.900 

1390 

201 

4.050 

1550 

225 

4.910 

1560 

226 

4580 

1560 

227 

2520 

882 

128 

4.080 

1430 

208 


EU87-1 200 

•2 200 

.5 200 

.6 200 

.7 200 

.8 200 


21.1 

21.5 

20.5 
21.3 
23J) 
20.9 


ave 21.4 


4.750 

1460 

211 

4.S50 

1520 

221 

4.600 

1450 

210 

4.780 

1520 

221 

5.180 

1630 

236 

4.700 

1480 

214 

4.810 

1510 

219 


raxa utonTEMA ANALYSIS. Usilig the itspkiaal stnagth me«!ureiiiento 

12A.3 SHOtT-TlMA 7 19 the ngalt 1 ^^!* for the long^enn, reattune flight 

p«l the beeehne daU 

simuhitiontesto werec^^ 

125 were peograi^i^a^top^^^sHm^to^^ 

diaeasaedl^. 

(te^ three identiad spedmens). The ^ 

on the inoeese ccnnp ^ «mrA the knis^tfin speciineiis have three tunes the 

tkm Jf tte Spe parameter, The values of fc are hsted m Table 12 12. 
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Tobl* 12«U. l*i»f T«nn Mod*l farom»t*rt for i/i ond 0/1 
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A few other assumptions are necessary to predict the loads applied in the kmg-term tests to 
achieve the desired results. The problem is to apply loads high enough to produce measureable 
effects without failing all specimens in fatigue. A reliability of 0.80 at one lifetime was the 
desired goal In other words, one out of five spedmens used for the long-term tests would be 
expected to faO in fatigue prior to the completion of the 50.000 hours of exposure. 

One remaining parameter of the wearout model, s, must also he determined. The parameter, s, 
is the exponent on the stress or load ratio that defines the power law time response to changing 
loads. Tlus parameter is obtained by subjecting specimens to various magnifications of the 
random spectium to obtain a random S-N ctirve. llie sk^ of the random S-N curve is ~ i:. • 

Since no such tests were p^ormed for the current program, s has been estimated from data in 
reference 41 and 42 to be 11.0. The assumption of s is not felt to be too serious in this case 
because the loads required for the desired long-tom response are not very different from the 
loads applied in the short-term tests. 

To calculate the appropriate A^ for the desired results. Equations (5) and (7) (Section 12.5) are 
combined by eliminating df to arrive at: 


Ai 


[ d„a^-»(-lnR)i/°f 

(r-l)A4t J* 


The results of this calculation are also listed in Table 12-12. Using the model parameters of 
Table 12-12 and the wearout model equations of Section 12.5 the peak long-term loads wm 
obtained by an iteration process to give 80% survival at one lifetime (50,000 hours). These 
values are given in Table 12-12. 


The computer was used to plot the wearout model curves shown in Figures 12-35 through 
12-38 for the unnotched and notched G/E and B/E systems. The horizontal peak load lines have 
been set for 80% survival at one lifetime. 


Wearout model curves could not be plotted for the G/PI and B/Al systems because the wearout 
model did not work for these materials. In some cases the short-term residual strength value, 
d, and the shape parameter, a, increased with time. The 200-hour or half lifetime residual 
strength values were actually higher than the 100-hour or quarter lifetime values, and the 
spread in the data was decreued. One method initially considered for determining the long- 
term peak loads for G/PI and B/Al was to take two-thirds of the “A" basis allowable tensile 
strength value for the particular composite considered. However, it was thou^t that this 
method did not place sufficient importance on the shape parameter, a, which for B/Al was 
higher than for G/PI. The method that was used was to essentially reapply the risk factor. 

ff s (100) " . to the short-term peak load using the worst case a as determined from the 
baseline. 100-hour, or 200-hour strength data. This amounted to setting the long-term loads for 
these two systems by applying the square of the risk factor, f^ times the complexity factor, f^ 
to the baseline d for each system at the temperature at which the long-term simulation was to 
be performed. The results of these calculations for G/PI and B/Al are given in Table 12-13. 
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RESIDUAL STHENGTh IkMl 



ngur* 12-35 


TobU 12-13. lo«9-T«nn P«ok tood« for 0/f^ oiid i/AI 



G/PI 

Unnotched 

366 

2.09 

Notched 

233 

1.33 

B/Al 

[ 0 % 

1566 

8.94 


[0® ± 45 ®1, 

427 

2.44 


10.7 

10.0 

0.65 

.63 

0.42 

.40 

0.90 

.90 

140 

83.4 

0.800 

0.476 

14.7 

13.6 

.73 

.71 

.53 

.51 

.93 

.92 

778 

200 

4.44 

1.144 


a ^ whei.'^ T = 505 K (450® F) 

^ Peak Load = f,*lcdT 
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RESIDUAL STRENGTH (kipl 




1,50 


4 

o 


CO 

a 

CO 


10-2 



n ° 

- 


tJ 

B— g 



° 8 ^ 



u 



~ — \ 


^ 

— — 

\ X 


0.99 

0.95 0.90 

0.50 _ 



□ residual STRENGTH 

®o* 12.03^0* ’-2! 

9 ig ■ 0 r ■ 7 ■ 1 A 4 « 0.544 ' 

ijf -1 

I.OOs* 11.0 
6.16 

1 1 1 1 1 1 1 1 

1 1 1 1 1 Ml 

1 1 1 1 1 1 1 1 


0.50 6 


10 - > 


10 


LIFETIMES 
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The pei»fe long-term loads for the four materials. Tables 12-12 and 12-13. were used to calculate 
the peak, landing, and one g stresses presented in Table 12-14. 

ToUo 12-14. leng-Torm Paok loo4s and Strotaot 


Trial PmIiLm 4 
L— f Tffw 9«r •>•76 m 

FmIi Uarf (S.t M % p 9€ i mmm Pmtk Urmm iM^Mf StrvM Omm f I itg m 


Matactai 

Cn^lHaa 

kWm 

(k¥/»«) 

kH 

(k*p) 

MN/ia> 


tm/rn^ 

(ktl) 


(heO 

BE 

Uimotched 

230 

1.314 

17.5 

3.94 

302 

43J 

-75.5 

-10.9 

151 

2L9 


NouHed 

132 

.752 

10. 1 

2.26 

239 

34.6 

-60.0 

-8.7 

120 

17.3 

G E 

UnnoUhed 

232 

1.325 

17.7 

3.96 

305 

44-2 

-76.5 

-11. 1 

153 

22-1 


Notched 

132 

.756 

10. 1 

2.27 

232 

33.6 

-57.9 

-8.4 

116 

16.8 

G P! 

UnnotchMi 

140 

.800 

10.7 

2.40 

153 

22.2 

-386 

-5.6 

76.5 

111 


.Notched 

83.4 

.476 

6.36 

1.43 

125 

18.2 

-31.7 

-4.6 

63 

9 1 

B .\l 

lO'l. 

|0* ± 45'!, 

778 

4.44 

59.3 

13-32 

747 

108.3 

-187 

-27.1 

374 

54.2 


200 

1.144 

15.3 

3.43 

208 

30.1 

-51.7 

-75 

104 

15.1 
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RES I DUAL STRENGTH. <kN) 



FIgur* 12-37 W«QfO«t lor Uoooldiorl [V> ± 450], i/I 


12,7 lOMC-TiUM RJOHT SIMUIATION 

The mein (OTphasis was to determine the 

Specimens will be exposed for real- . ilnads or temperatures! are set either too 

a predictive capability will be demonstrated. 

, tc«t oiau AND P«OCEDUIttS. For each material system, a toud of 

:i^us\ri:s‘^^ 
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tIm. B/Al sMcimens all of which were unnotched, were fabricated, half from 6 ply unkiirec- 
and iSf^m 6 ply [0* ± 45»], crossply panels. Five 
SSSn/configuration set were to be exposed for 10,000 hoi« 

hour flights)te the Phase I evaluation. The other five specu^ of each set wgremain m tte 
Sation apparatus untU 50.000 hours (25.000 flights) of exposure lave been compkted 
(PhMe II) A*SSfication to the Phase II test plan was the edition of t^ umotch^ toi«- 
tLm specimens to each material/orienUtion set. These specimens w^ ms^ m the flight 
^Sa^^paratus after the 10.000-hour specimens were remov^ s^uneiu ^ 

be exposed for 25,000 hours to provide additional residual strength data between the originally 
schedul^ 10.000- and 50.000-hour time periods. 

The flight simulation cycle, shown earUer in Figure 12-1. is two hoim in len^ and coi^ of 
three iwts: climb, cruise, and descent. The time-temperature-load histo^ of a t^ic^ f^t is 
showntoTable 12-15. Each flight is concluded with one compressive load cycle. The load spec- 
trum is applied in a random manner. 
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tdil. IMS. far SI.»lfafa.CH« 



aimb 

(HMtIng) 

Cruise 

(Held of Comtent Temperatyre) 

Descent 

(Ceding) 

Time 

•Load 

10 minutes 
25 cycles 

44 minutes 2 minutes 

constant 6 cycles 

44 minutes 
constant 

20 minutes 
7 cycles 

sQne additional compressive load per 

two-hour flight. 


- 


en^ porsloa of she 

material system. The mtent of the comoosite for long-time (50.000-hour) service. For 

to be the maximum use ,1 dato^m the thermal aging studies 

the G/PI and B/Al materuj. a good upper limit, and this tem^ 

then in progress twf ^xy sStems.*^ the shLt-Sm results obtained at 422 K 

erature was selected. For the two temoeratuie. and 1000-hour thermal agmg 

(300» F) gave ^ th^available. also india^^ 

datoat394 K(250» FJ^d 450 K (MO n the long-term flight simulation exposures were 

with the 422 K (300» F) ^cle. Shortly after starting the 

begun using these temperatures for the c^ systoM became available. The daU 

testo. the 5000-hour th^ a^g ^ 

indicated that 9®^^ were obsere 

strength had occtirred at 450 K <350 n* ,*-uit «f discussions with various mdividuals 

h«i .ppr«i».«ly 1000 

hours of exposure. 

Selection cf the maxirnum load the types 

the test conditions for each is given in Table 12-16. 

Before insUlling the 

ments w«e used to obtain^ ^i^tions for that experienced surface degradation 

for the residual strength e ^ «ru_gnecimens were then installed in the test machine, ther- 

during the l°®8-term expose ^ and ^ resin- 

be experienced during the 50.000 hours of exposure to 
the random load spectrun- 
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TobU U-1*. Summory of U«g-T«rm r.^mroni 


Motariol 

System 

OrlMilatiOM 

B/E 

[0* ± 45*1, 

G/E 

10" ± 45*1, 

G/Pl 

[0* ± 45*1, 

B/Al 

[0* ± 45*1, 


10“1« 


CofiAyui utto« 


ll„mb«,afSf«cinwM 
{•.OWkr ISJUhr SMWhr 


CraiM 

Tampvnrtu'* 
K (»f) 


r«akStrMS 

MN/m’ (V*0 


Unnotched 

Notched 

Unnotched 

NotdMd 

Unnotched 

Notched 

Unnotched 

Unnotched 


5 

5 

5 

5 

5 

5 


$ 

5 

5 

5 

5 

5 


408 

275 

302 

408 

275 

239 

408 

275 

305 

408 

275 

232 

505 

450 

153 

505 

450,. 

125 

505 

450 

208 

505 

450 

747 


43.8 

34.6 

44.2 

33.6 

22.2 
18.2 



into vanous ^ 

toNo.T«Mn»»K,. o... 

mSitenance. Some unexpected The monitoring and safety 

often required extended amounts o o when conditions tended to stray slight^ 

responsible for hours could not be con^t^ 

from the allowable ranps. Any of one to sixteen hours of expo^ (up to 

until the next working day tin»% shutdown. If the tests were 24 

62 hours on a weekend) dependmg on of the nmisture bakeout of the 

Zars or more an additional four and at regular in^als dur^ 

matrix specimens. At the completion iriven an overhaul which, as a mim 

the qtiw.,, ^ r^Un-8 the 

««. en, gue. 

S“Sl.XSco«^:o»ent,.e»tepU«-«»c.»»)r. 

in rhM^kinff out the flight simulation appa 
The short-term test program was very j jjie test procedures required to ensure 

ratus. the suitability of the test sp^en de^^^^^ problems were uncovered 

lone-time reliable operation dunng ^ o 8 prM-nuntered, howevw, after the long-term tests 
Seated. Somradditional grids affected only the 

were begun. One problem that «liehtlv during testing, the attochment screws, see 
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FIgur* 12-M Clo»»up-VI*w of FllghI Simulation Apporotui Showing Attoehmonl Serowi lor Compro«tlon 
StHfonon and Aluminum Pratoctlon Strips 





n.un.1 fencing edge 

the grid screws had begun to bOT a^t mew^ ^ ^ 

the effects were v^ f/Lwi heat^ »>.•■ '^^ r “l^lfe 

ie location near one of tjKi dmblem a^y^ „ ‘“'''S.^d 

damage in the vicimty of the frac bearing against the specimen edges was 

cause of faUure. The problem of the screwsro^s e j the attachment s<^ws. 

Sr S^g aluminum strips between the he soft B/Al speemens 

Figure 12-39. During the was*<»used by the relative motion of 

diSg fatigue cycUng was identifie^- Th^ fretting irrosion. In an attempt to reduce Uus 
and cLprSsion stiffeners and ^ covered with a stratified Teflon ^ 

abrasion, the B/Al compression stiffeners we hut at the completion of short-teim 

t^Sue helped to reduce the It was also noted ^t the 

jTsting the Teflon coating^d specimens had also cau^ some 

uncoated stiffener grids used <m the s ^ ^vere coated with new layers of 

abrasion of these specimens. “ J^l^hcost of stratified Teflon coato^ 

Teflon for the long-term tests. However, becaus n^^ eliminate, the sur- 

I^”ri»ckcd Hbcrgtasc/Teflou ta^ »“ midirccUomd B/Al loug-tem 

face wearing problem. One other prob em failures in the adhesive bonds between the 

specimens. From time to time HT-424 which is quite porous, slowly oxidizes 

B/Al and the titanium doul^rs. j ^ for ^he unidirectional B/AL No damage is 

and eventuaUy fails under the much iMger 1<» soecimens are removed and new end 

done to the spechnens. but tes^g time^^^^^ problem will continue throughout the test ^ 
doublers are attached. It is been with the equipment and have “volved pm^c 

gram. The remainder of the components as a result of the 

PcHodlcany auclug the .0,000 huucc o. 

in the test apparatus for compression stiffening grids were 

damage. This specimen. ®9®2-4 later systems had accumulated appro^tely 45Cu 

time of the Bret eyetilne .pproxhn.tely 1700 hoortt The reeulte 

syeteo. w«e « lellcwe: 

a, BIE-The two healed Several specinwii also 

CE-Some slight 

good condition. None ot the no ^ ^ delaminations at the edges «n^t the holei 

.^Wed.™0e ®E0..V Tins epeennen 

wa^mmoved because failure appeared imnuuent. 
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Stiff«n«r Scr«w» 



nu, O/P L.P..T.™. SP-.- 

at Cdg«s and Holas 



c. G/E— After 1700 hours of exposure the only visible changes were voy slight wear marks 
on the edges of one of the unnotched specimens. 

d. B/Al-These specimen had also been exposed for only 1700 hours and were in go^ condi- 
tion. Three speSS had slight ^ notching from the stiffener screws and there was 
seine surfftce abrasion froin the stiffeners. 

•n» Uiorough w» m.d. j»H Wor. the 

epoxy specimens (approximately 9000 hours for the epoxies and 6000 for the G/PI ^dBIM 
S^SST^e re^ts of the examinaUon of the four composite systems was as foflows. 

a. B/E-Theso specimens showed the most damage as a result of the^t simulation expo- 
sures even though, in contrast to the G/E system, none had failed. The two 
each specimen were discolored and in several instances showed «^«^and 
where^Sns of the epoxy resin had fallen away. In the notched B/E specimens some 
(rtn gihuiiniil surface cracks tangent to the hv les were obswved. 

b G/E-At the time of this examination 11 of the 20 G/E specimens tad failed or had bwn 

■ removed from the exposure apparatus because of sho^ at the 

remaining specimens the only visible effects were color clu^ m the heated Mnw at the 
top and bottom of each specimen and some smaU longitudinal mcks bang^ to ‘he hote 
in the notched specimens. These cracks were believed to extend only throng the outer 0 
pty in both the B/E and G/E specimens. 

c. G/PI— These specimens appeared to be in excellent condition with only slight color changes 
in the heated zones. 

d. B/Al-The only visible effects were longitudinal stripes on the surface where some of the 
Teflon tape from the stiffening grids tad adhered. 

Figures 12-42 through 12-45 are photographs of typical ^Peci^ns of each com^ite 
ttat^ made during this examination with the specimens inst^m the flight simulation 
a^wratus. Only the B/E specimens. Figure 12-42. show any visibte damage. 

In settiniE the load leveb for the long-term ffight simulation tests, the expectation was for 80% 
of e«h syotem « compku 50.000 hour, of m m. 

would amount to, on average, four specimens for each composite material system^In 
these failures would be expected to occur during Phase II of the^t program, ^orthe GIE 
system a much higher failure rate was observed. Twelve of the 20 G/E s^im^ «ther fa^ 
OTtright or were removed from test because of severe damage. So^ of 
sp^iens were removed for further inspection and because of the likehhood of imminent 
fSkii^ere not returned. The others were in such poor condition that when a specuneii m the 
same setup failed the damaged one was also removed to decrease the amount of equip^nt 
downtime Table 12-17 lists the G/E specimens that did not survive the 10,000 hwre of flight 
simulation and also shows the amount of exposure time logged when removed because of 
failure or significBUt degradation- 





Figure 13-42 B/E Long-T^rm Sp«c!m#ns Aft«r Approx tmof*ly 9000-hr c4 Expoturo Showing Brokon ond 
Exposod Boron Fibors 
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H,ur* 12-43 G/E Ahf Appro«i«-f»y WO-hr «i E.po.ur. 
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Figure 12-44 


G/PI loi.9-T.nn Spocimons Aftor ApproKimotoly MOO-hr of E.poturo 



Figur* 12-45 B/AI Loog-T«rm Sp«clm«nt Aft«r Appro* imot#ly 6000-hr o4 Expoturo 



TabI* 12-17 G/E Long-Tarm Sp«cim«nt R*mov«d Bmowm of Foiluro or Signifkant Dogrodotion 


Sp«cim«n 

No. 

Typ« 

Exposure 

(hr) 

Foliuro or Domogo 
Locotloii 

BC91-1 

Unnot4:hed 

4515 

Heated zone; failed 

BC91-2 

Unnotched 

6683 

Heated zone; not failed 

BC91-3 

Unnotched 

6683 

Heated zone; faded 

BC91-4 

Unnotched 

4524 

Heated zone; not failed 

BC91-5 

Unnotched 

2696 

Heated zone; failed 

BC92-3 

Unnotched 

4053 

Heated zone; failed 

BC92-4 

Unnotched 

9669 

Heated zone; failed 

BC92-5 

Unnotched 

4524 

Near doubler; faded 

BF91-2 

Notched 

7520 

Heated zone; faded 

BF91-3 

Notched 

7520 

Heated zone; not faded 

BF91-4 

Notched 

4549 

Heated zone; not failed 

BF91-5 

Notched 

4549 

Heated zone; not failed 


All of the specimens except one failed in either the upper or lower heated zones. The specimens, 
which are 0.46 m (18 in.) long, are heated in two zones that are 0.11 m (4.5 in.) on either side of 
the centerline. Figure 12-46 shows three of the specimens. aU of which failed in one of the 
heated sections. The two specimens with over 4000 hours of exposure also showed considerable 
damage in the heated zones opposite the failures in the form of edge delaminations. This can be 
seen in Figure 12-47. The 2669-hour specimen, BC91-5, did not show delamination in the 
unfailed heated zone. Another difference between the 2669-hour specimen and the two 
4000-hour specimens of Figure 1 2-46 is the appearance of the fracture. The 2669-hour specimen 
has failed in a manner similar to the unexposed baseline specimens with little loss of the epoxy 
resin Lorn around the graphite tows. After 4000 hours of exposure, however, the epoxy resin 
matrix has begun to crumble during failure leaving many bare graphite tows. Similar effects 
were observed during tensile testing of the 450 K (350° F) thermal age specimens after 5000 or 
more hours of exposure. Closeup views of the two different fracture appearances are shown in 
Figure 12-48 and Figure 12-49. The failure mechanism that was responsible for these early fail- 
ures of the G/E specimens appeared to be a combination of several factors. Based on earlier 
thermal aging data the time at temperature, 4000 hours at 408 K (275° F). itself, is not suffi- 
cient to explain the brittle nature of the epoxy matrix. Added to this, however, are the effects 
of the thermal expansion stress during the 2000 thermal cycles and the tensile and compres- 
sive loads. As the matrix becomes embrittled as a result of oxidation the thermal and mech- 
anical stresses act to produce microcracking and eventual loss of the outer epoxy layer. This 
can lead to accelerated oxidation as the filaments in the outer layers fail, thereby exposing the 
underlying resin to the oxidizing environment. The compressive load which occurs once per 
flight cycle is also important because of the lowered compressive resistance of the graphite 


12-74 





653217-246 


Fl9ur# 


O/i ^ W-l ■>“'"• «•'* 

of 10,000*hr of Expofuro 


653217-247 


3 SiMMvifia Edo« Dolomlnolioni In Hootod Zono. (Spoomon 
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FIgur* 12-49 



O/E .o-a T*nn Sp«clm«n BC91-5 Showing Froenir. App«ironco Allof Folluro in 2M»-hr 
(No »lgnmcont lo*8 of rot in from around fho grophito tows has o«wrrad) 
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tows as the matrix is degrading. It is these compressive loads that are responsible for the 
numerous delaminations observed in the heated zones of iMny of the specimens. A gc^ exam- 
pie of a specimen that was about to fail \jy this mechanism is shown on the right in Figure 
12-50. The edge view of the same specimen. Figure 12-51. shows clearly the loss of matrix on 
both surfaces with the exposed and broken graphite filaments and the extensive delammation 
caused by the compressive loading. This specimen would undoubtedly have failed very soon if 
it had not been removed from test. 

The specimen on the left in Figure 12-50 was the only G/E specimen that did not fail in the 
heated zone. A closeup view of the fracture is shown in Figure 12-52. The arrows in the fig;ure 
point to locations where stiffener grid screws could bear against the specimen edges if the 
grids rotated slightly. It appears likely that it was edge notches of this type that caused the 
early failure of specimen BC92-5. The fracture location and appearance were also qmte dif- 
ferent from the other failures. 

One other specimen failure occured during the long-term testing prior to completion of 10.000 
hours. This was unidirectional B/Al specimen EU91-1 which failed out of the heated zone aftw 
2454 hours. The specimen, shown in Figure 12-53. apparently failed because of a misahgned 
bearing in one branch of the whiffletree used to apply the fatigue loads. 'Hiis cau^ the com- 
pressive loads to be misaligned with the axis of the specimen and resulted in the stif femng ^d 
being pushed into the specimen at one end. Figure 12-54. a closeup of the fracture, showsjvhere 
the four bearing surfaces of the stiffener were forced into the B/Al at the edge of the end 
doubler and initiated the failure. 



FIgur# 12-50 G/E Long-Term Spocimons thot woro Romovod from To*t Beforo Co mpUtior 
of 10.000-hr of Exposure 
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FIgwr* 12>51 



I .. 

Ed9* Vl*w of C/E long-Tsrm Spocimon 
Filamont* ond Extoniivo Dolaminotioo. 


653217-251 

BC91-4 Showing Expocod and Brokon Grophito 
(Spocimon wot romovod from tott oltor 4524-hr) 





of th# comprwiofi grids) 
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653217-253 


Figur# 12-53 5/AI loi»g-T»rffi Sp«cim*n thot Foil*d During Flight Simulotion Tnsting B«fora CompMion of 
10,000-hr of Exposure 



Figuro 12-54 


B/AI loiig-T«fn: Spc«!m«n EUfM Showing Fractwro AppMranco Altor Foiloro in J454-fiT 
(Foiluro was initiotod at locotians (arrows) whora stiHanor grid wos forcod into tho 8/Al) 
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None of the B/E or G/PI long term specimene failed during the 10,000 boom of flight aiiuU 
tion exposure in Phase I. 


12 7 3 LONG-TERM TEST RESULTS. At the completion of 10.000 hours of flight simulation expo 
Tlong term apecimene were removed from the teat 
“of the high f^ure rate of the G/E and the extensive surface danm^ jmible on the B/E 
P^se II epoxy specimens were also removed. The revised flight simualtion test 
1 n frtr th«> B/E and G/E systems is described in Section 12.7.4. The specimens were exanuned 
dually ^thSe aid of a sLeo microscope and photographed. Ba^ on the number ^d con- 
dition of the specimens and information gained during the overall test program, a resuiual 
* Jk was nrepared. As will be discussed later, the test plan was somewhat dif- 

strengt g scheduled Cutting plans were prepared and the long-term speci- 

SirrcreS^"id»^s“^ which" w^n The reeoUs of 

rile specimen enaminarioos and residual strength tests are presented m the foUowing secoons. 


12.7.3.1 Post Simu lotion Exomlnotlons 

B/E + 45»1 onnotched and notchod. AD of the B/E specimens survived 10.000 hours of 
mnhtTii^lition exposure without fracture- The specimens did. however, experience consid^ 
!T «tS^ce d^e^L the heated areas. The outer portions of the epoxy matnx had crumbly 
away in numerous places revealing the boron fibers, many of wtoh had 
the G/E soecimens no edge delaminations were observed at eithar the outside edges t 
hnle« in the notched specimens. Photographs showing both sides of three unnotched and t^ee 
“ W s^^aTpmLud in fTgu^ 12^55 to 12-58. Th. BiE iaminatas have a gUss 



663217-255 

Figure 12-55 B/E long-T.rm Speclnwn. Aher 10.000-hr ol Flight SimuloHon Expotuf 
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Figure 12-5S 



B/E Notched long-T.nn 
(Cias* *erint eloth *id«) 


,000-hr of night Slmolotion Expoior. 


nm cloth as the outer layer »“ 

^12-57 the non scrim-cloth sides. A better v notched specimen these 

Ire 12 - 59 for an unnotched spcunen and m “ “^p„3ed the fibers 

gions where the matrix ^t^overed by the stiffening grids. Expos i « « 

rreSh“X ?h"^areasoftheg^^ 

nron fibers beneath the cloth. . 
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■ j Broken Boron F.bor^ 
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12-41 


ST£=« 

nb«fs b*(ow Hm cloth) 



12-42 G/E long-Tornn Spocimons 


ATtof 10.000 hr o» Flight Simolotion Expoturo 




Rgwr* lo«9-T#rm Sp«din«nf Aft»r 10.000 hr of Flight Simulotton Expwtiro (Oppotito *ido* of 

in Figur# 12>42) 


epoxy matrix on the outer surface. The notched specimens that surxived the 10.000 hours of 
flight simulation exposure were similar in appearance to the unnotched specimens except for 
some damage at the holes. Four of the specimens had longitudinal cracks near the holes and 
some delaminations at the edges of the holes. Two of the notched specimens that completed 
10.000 hours are shown in Figure 12-64 and 12-65. Specimen BF92-3 is one with cracks at the 
holes but they are not readily visible in this photograph. The material on the surface of the 
at one end is residue of the adhesive used to attach the thermocouples. 

One of the specimens that appeared to be in good condition during the second inspection with 
the grids removed (9404 hours of exposure! is shown in Figure 12-66. Compressive failure in 
one of the heated zones occurred soon after the inspection. 9669 hours. No evidence of the 
impending failure was seen during the examination after 9404 hours. higher magnification 
view of this specimen and two others that were removed from test prior to 10.000 hours 
because of severe damage is shown in Figure 12-67. The damage level in these specimens 
increases from left to right in the photograph. Inspection of the specimens suggests a failure 
mechanism slightly different from that proposed ea.-Iy in the test program and described in 
Section 12.7.2. In these specimens and also those in Figure 12-68. initial failure is thought to 
occur by delamination of the outer [0°] plies in the healed zones between the stiffening grids. 
The combination of thermal cycling stresses and the mechanical fatigue stresses acting at the 
ply interface overcomes the relatively low interlaminar strength, and delamination occurs. The 


ORIGINAL PAGE IS 
OF POOR OUALmr 
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Figwr* 12-*4 C/E Notchvd long-T«nn Sp«cim»n» AH#r 10.000 hr of Flight Simulation Expoturo 



65321 7 < 265 

Figur# 12-45 C/E Notched tofig-T*mi Sp«dm«ns Aft*r 10 000 hr of Fligirt Simulotloii Expoturo (Oppotlfo 
sidot of tpodmont in Figuro 12-44) 
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Figure }2 U G/E long-T^rm Sp«clm«n BC97-4 Aft#r f44f hr of Flight Slmulotlon Exposoro. (Spoclmon 
foilod (orrowt) in compro»tlon of hootod umo) 



Figoro 12-67 G/E long-Torni Spocimons that woro Romovod from To$t Boforo Complotion of 10,000 hr of 
Exposuro. (Incrooting lovols of domogo in tho spocimons aro visiblo in moving from loft to . 
right) 





ffiovinQ from loft to rlQht) 


■ .u • <^^o.,<Tth Hiirins the tensile loads, but during the one compressive load 

outer pbes reUin them strength du g _ . ^ o k _ a* this point two effects occur. 

per cycle all the load is carn^ h^^^teMde andcompresSve fatigue loads, and oxidation with 
The ±45" pUes begin to fad from the The first specimen in 

accompanying brea^^^^^ shortly after debmination of the outer pUes 

occurred m the reponsbe^^^^ maintained its rigidity. In the regions that were 

the amount ww smaU. The sp«j transverse cracks can be seen. The ^ond 

beneath .M318 m before being removed from 

specimen. BC92-4. had sustainea mitor nlies was much more extensive and the 

DeUmin.tion -«‘>Xr„TerTt ^ 

inner ±45 pbes were badly bro . ^ fibers were also visible at the edges of the 

at the *'®“?^ns°"ThS^Lrs wSe typical of those found in badly oxidized thei^ 

cracks and delaminations. These f^rs were t^c 

aging test • 0091.4 shows^STe greatest degree of degradation of the three. In 

specimen in Figure ply damage, the surface has 




— S 

the closeup photo^phs of Fi^ro 12^9 hov^ h°'“ and none at aU at the opposite edge. 

lesser amount in the cenw as she ^ thniighout the heated tone and shows 

^ IStnS^rnaTcSg cracking in the regions under the 

T^e riS or reslsunce to bending at the heated tone l«s decrea^ 

B^fTTa?fraX"^"withtolX^^^^ 

Fj„,rp 12-70 shows the effect of exposure time on the fracture appearance with respect to loss 
Figure In hours oxidation has not embrittled the mainx suffi* 

crambling away of the oxidized matrix. The effect increases with exposure tune as can be seen 
in the other two specimens in Figure 12-70. 

o/n too a- 4S«1.. onnolchmi and ntdchml. All of the Phase I G;P1 

pfe^^ 10.5b0 hours of flight simulation exposum. Photograph, shpwmg f 

’’’^^I^'^ariiite fibers were approximately 0.025 m 1 1 in.l in length in the center of the heated 
2 75^ho«ra closeup view of these damaged areas on an unnouhrf specimen 

“TSH £ r,: [r 

^ nf the holes in the notched specimens was generally quite good. Shght horuo.i 
,pp^n« of the hote WOT observedin three of the specimens. These were vep' short and 
cracks Unge throueh the outer plv. Some slight delaminations or cracks were pre- 

:?n'r!^or:f *e h^Ltrfgat r:e .ppearel to be ver. shaOow and not a serious 

problem at this time. 

n/Al roo + 45°1 and [Oo]*, onnotchad. AU of the [0° ± 4b% crosspli^ specimens and four of 
fh? fiif "itoearona B A1 long-term specimens completed 10.000 hours of exposure. Front 
Ind baL vits specimens are shown in Figures 12-78 and 12-79 for crossply material 

t F rll 1 2 80 and 12^1 for unidirectional material. The heated zones on the sides facing 
and in Figures 12^80 and^^^^^^ resisUnt paint to redu« reflec- 

jLnTom^he aluminum surface and thereby increase the efficiency of the heaters. The on y 
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G/E Notch.d lo«g-T.rn, Sp.clm*n BF91-5 AHt AU9 hr of Flight SImulatlan E«po.ur. 
Showing Vorlotlon In Dogroo of Dolomlnollon Aero*» Width of Spoelmon 




653217.270 


Flour. 12-70 C/E lo««-T.rm Sp.ci««.. thol FuiUd 0urin9 Fllflht Slmutatlon O.for. CompMion 

^ of 10.000 hr of Expotor.. (Spocimwit ihow pro 9 r.*»Iv. Iom of rwin from ih. prophit. 

fibers wrtli •xpofurv tim«) 


- V -V,‘ 

■' .5, 
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Flour. 12 71 G/PI long-T.rm 5p.<ln,.n. AH.r 10.000 hr of Flight Simulation Expo.ur. 
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Fiflur* 2-72 G/M Lenfl-T*rm Specimens After 10.000 hr of Flight Simulation Expoturo (Oppotito tidot of 
•pocimons in FIguro. 12-71) 


-jmooa'oil 
2-llii<l S-(hiOi 



Figure 12-73 C/PI Notched Long-Term Specimens After 10.000 hr of Flight Simulation Exposure 
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Figur# 12-74 C/PI NoHh#d Lofig-T#rm Sp#ciffi«nt AH«f 10,000 hr of Flight Simulotion Cxpoturo (Oppof ito 
fidos of tpocimofif in Figuro 12-73} 



Figuro 12-75 G/PI Long-Torm Spocimon DC91-3 Aftor 10,000 hr of Flight Simulotion Fxposuro Showing 
Exposod Crophito Fibors in Hootod Zono 
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Figure 12-74 


C/PI Notch*d Lonfl-Tarm SpMilfiMn DHI-2 AHw 10.000 hr el Flight SimuloHon 
Showing Exposed Graphite Fibers in Heoted Zone 


Expolurv 


r 



9X 

1 


653217.277 


Ftgur« 12-#7 


G/PI Long-Term Specimen OC91-) Showing Slight Edge Cracks 
hr of Flight Simulation Exposure 


in Heated Zone After 10,000 



653217^78 

Figure 12-78 Crostply B/AI long*T«rm S^1m«ns Ah«r 10,000 hr of Flight Simulotlon Exposuro 



Figuro 12-79 Croisply B/AI Long-Torm Spocimons Aftor 10,000 hr of Flight Simulotlon Exposuro (Opposito 
sidos of spocimons In Figuro 12-78) 
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Figur* 12-M 


FIgur* 12-81 



Si 


653217*280 

UnidIr»€tionol B/AI Long-Tarm Sp«clm«ns Aft«r 10,000 hr of Flight Simulation Exposuro 



Unidiroctionol B/Al Long-Term Spocimens Aftor 10,000 hr of Flight Simulation Exposuro 
(Opposite sides of specimens in Figure 12-tO) 
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u . ctrinps where the stiffener grids were 
,K«ic<«ble elfecu on those P>'“»^“f,*„"VhtVen<>n coating on the grids, and in so^ antas^ 
attached These markings are residue from the erroded bv the rubbing action of the 

”^:!:rof wear where the in the hea^ zones revea s 

stiffener during fatigue cycling, ^he effect is similar to. but 

.roughened surface and we^latip- tested in air at 561 K ^ 

sive as. that obser\ ed m the ^ more difficult to see on the painted side. A 

surface roughening occurred on both s'Jes “U ^ ^ of a crosspUed specimen is shown m 
magnified view of the heated zone on ^ center section of the same spwimen is 

Figure 12-82. A photograph wken roughened surface was founo on both the 

_igo shown in Figure 12-82 for compan ■ »her observation was made on tne unidirec- 

J^spUed and the unidirectional ^ in the heated zones where the surface was 

tkmal specimens. The specimens jj^potion Edge cracks and delaminations were foun 

very irrJ^lar (wavyl in the ^'^enTs 

two of the crosspUed specimens. generaUy in tne ne . ^ gf the same specimen is 

area toaad theae 'S’r.hfct o' 

Shown in Figure 12-84. ^he repons Joscope. The correUtion was quite good. The 

- exteVd approximately 0.006 m (0.25 in., into the specimen. 

n.7.3.2 H«id«ol 
materials. G/E and 

hours. Also, earaer tests variation in tensUe properties across the wdth of the 

failed in 4053 hours showed cotisiderable^ t tensile vadues of 551 

specimen. Specimens that were from between he 

^Infi (79.9 ksi) and 545 MN/m ^9.0 ) the decision was made to cut^e 

gave 163 MN/m2 (23.5 ksi). from the material between the g^ds- Jim 

specimens from the unnoteh^longjermsp^ residual strength specimens that could ^ 

Induced the number of 0.013 10 to six. For the notched tong-term 

obtained from one long-term specime i_„ne<i) so that the number of residual strengt 

entire width was used las was , Inuring the course of the test propam. par- 

specimens remained the same <s»x per • .j^yi^tion tests, it became apparent that com- 

tSSarly for the thermal apng and . <,f considerable importance in addition to 

pressive and shear prof^rties of ^t„dy was primarily directed. The 

the tensUe characteristics toward wtoch tlw st y F material from under grids, ^d 3) 
th^rthree factors 1) less than 100% 

increased Table °1M b^th the Sri^l and the revised 

rocidual strenph test plan. Table 12 lo sno systems is Usted m lame 

G/E and B/E systems. Similar notched long-term specimens was limit^ by the 

12-19 The number of tests from the G/E imno specimens survived 10.000 
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of Mnhootod contor soctlon for comparison) 







Figur* 12-M 


B Al lo«8-T.rm ’« "®® 

Edg* Crocking in Hootod Zono 


of Flight Slnnilotlon E«p©»uro Showing 




,.voU>itod to derive as mueli iisetul data i 

f whieh was iisetl. i . j 

dl of the O.Old m (O.a in.l wide ‘ 7 ir-^iri'tuIeT’rl^ simulation 

h'^r slnvinuMts were cut fron. the 

iHvimons Ih'Iwihmi the \ * rosuluo of the loflon Uipt ^ 

in«l llio Walion .H-. n|n.Hl In tl<- IR ‘ ^ i;j„,,| „.„,ilo and faliiwn sjHa-inn-ns a» 

,i,„nil.m d.n.l.l.-r Iron. Ih. U.^ 

TV nn.oh.nl ro.in .na.rix nidh, 

...,„ally sp;.o.nl .U»K. I m '''- J „.si.lnal slronRh ^■7-”* 

would produce three ideutual 0 0-' m l siHvimens must lx- cut with a saw h.ix ui^ 

l.H-ited hole. For composite ‘ _ ,A qj; ) Consiniuently. the notchwl l‘msile a 

ii^i e blade width, approximately sp^l-inien in at least thr.v differcu 
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11-lf. B«ldw-ISlr«„thT«tf1-n»«r«.— li-6«HlO-CAft^ WOOD hr .1 fllflh# Slm-talte- 


5yst«fn 

Fllglit Simulation 
Sgocimon Typo 

Tost 

Typo 

Hvmbec of Spocimofis 
Tomporotura original lavisad 

K (Of) Plon rton 

BE 

10-’ 45'’!, Unnotched 

Tensile 

•297 

75 

10 

6 



Notched Tensile 

•297 

75 

10 

0 



Fatigue 

•297 

75 

10 

9 



Compressive 

•297 

75 

0 

f 


. . - - - 

Tensile ~ 

-150 - 

350 

5 

0 



Notched Tensile 

450 

350 

5 

0 

- 

^ 45’*!^ Notched 

Notched Tensile 

•297 

75 

10 

6 



Notched Fatigue 

•297 

75 

10 

9 



Notched Tensile 

450 

350 

5 

0 

G E 

10 + 45’"L Unnotched 

Tensile 

•297 

75 

10 

4 



Notched Tensile 

•297 

75 

to 

0 



Fatigue 

•297 

75 

10 

1 



Compressive 

•297 

75 

0 




Tensile 

450 

350 

5 

0 



Notched Tensile 

450 

350 

5 

0 


10^ ± 45 ‘’U Notched 

Notched Tensile 

297 

75 

10 

6 



Notched Fatigue 

*297 

75 

10 

9 

~ - 

- 

Notched Tensile 

450 

350 

5 

0 


with centered holes. check of reference 23 showed that the various confiprations had ver>- 
little difference in Kt factors. The one selected was specimens of equal widths with irffset holes 


‘jjTvaj 


in the two outer specimens. The difference in a values for the spmmen with a ^nUred 
hole and one with an offset hole was negliipble (3.28 versus 3.30). Again, bonding of doublers 

was required on only one end. 

The residual compressive tests were performed using the specimen and test Pp^«J“res 
described in Section 7. To get a sufficiently thick specimen for compressive testmg from the b 
plv flight simulation specimens it was necessary to bond three or four layers 
these 18 or 24 plv panels the 0.0064 m (0.25 in.) wide compressive specimens could be cu^T^o 
specimen^ made bv laminating three or four O.Ol m (0.75 in.) wide pieces toother, u^ the 
entU width of one end of a flight simulation specimen. Four «oroprossive s^i^n^ using one 
entire flight simulation specimen, were made for the crossplied B/E. G/PI. B, AL and the uiudi- 
rectiona^B/Al materials. The Umitcd amount of G/E available avowed only two comprMsiie 
specimens of this material. Since there were no failures of the B E flight simulation specimens 
and the number of residual strength specimens was already reduced, sufficient matenal was 
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TaW« iMMwoi Strength T«*t Man for Hnno I O/fl ond i/AI Affor 10,000 hr of Flight ShnuloHon 

Totting 


Motvrtal 

SytfMi 

Flight Simulation 
Syodmon Typo 

Tott 

Typo 

Numbof of Spodmofti 
Temffmvte Orlgin.1 RmriMd 

K Flee Flee 

G/Pl 

(0* ± 45“1, Unnouhed 

Tensile 

29n 

75 

10 

5 



Notched Tensile 

297 

75 

10 

5 



Fatigue 

297 

75 

10 

9 


- - - - - • — 

Compressive 

297 ' 

^ 75 

0 

4 



Tensile 

505 

450 

5 

5 


- 

Notched Tensile 

505 

450 

5 

0 


|0® ± 45*1, Notched 

Notched Tensile 

297 

75 

10 

10 



Notched Fatigue 

297 

75 

10 

10 



Shear 

297 

75 

0 

4 



Notched Tensile 

505 

450 

5 

5 

B/Al 

(0" ± 45 % Unnotched 

Tensile 

297 

75 

10 

4 



Notched Tensile 

297 

75 

10 

4 



Fatigue 

297 

75 

10 

8 



Compressive 

297 

75 

0 

4 



Tensile 

505 

450 

5 

4 



Notched Tensile 

505 

450 

5 

4 


Unnotched 

Tensile 

297 

75 

10 

4 



Notched Tensile 

297 

75 

10 

4 

. ■ 

' 

Fatigue 

297 

75 

10 

7 



Sheer 

297 

75 

5 

3 



Compresdve 

297 

75 

0 

4 



Tensile 

505 

450 

5 

0 



Notched Tensile 

505 

450 

5 

0 



Shear 

505 

450 

5 

0 


available for another tsrpe of laminated compressive specimen. These were made by bonding 
four pieces together that were cut from the areas between the grids. Two flight simulation 
specimens provided enough material for three of the 0.0064 m (0.25 in.) wide compressive 
specimens. These two types of B/E compressive specimens were intended to show the effect of 
the stiffening grids on shielding the composite material during flight simulation exposure. 

Residual interfiber shear strength tests were performed on the unidirectioi^ B/Al material 
No unidirectional resin matrix specimens were included in the flight simulation test program, 
however, and. therefore, no residual shear strength tests were originally scheduled. Examina- 
tion of the failed G/E flight simulation specimens indicated that interlaminar shear strength 
played an important role in the premature failures and obtaining residual shear properties 
would be very useful. There was one half of a 10.(H)0-hour notched G/PI simulation specimen 
that was not used for residual strength testing, and a method was devised to use this material 
to fabricate four short beam shear specimens. As shown in Figure 12-85 three strips were cut 
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rigur* 13-ai Pkn f»r CuMng Short loom Shoor tpocimon from O/PI Might timwiotloii tpoclmon 


, U * murk* in the hcsted zone and bonded together to make an 18 ply 

cut ^ the holee O.OOM m (0^ in.1 in dUmetet. there wee euffi- 

...d heh« the hdee H» Inyout o. the epeehnene 

was as shown in Figure 12-85. 

S:cWtenL.L.dc«.p.«i^^«^^^^ 

S^'^pJ « tened under the «n» 

conditions (presented earlier in Section 11. Baseline Fatigue Testmg). 



R,«r. 12-M A.i-1 Wi9«* <»♦ [®“ ± ^1. Ah.cl0.000 hr FII 9 M Slnwlohon 

^ Expowra. 207 K (75» F), « = 0.1, UnnotdMd 
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T.W. la-aO. 5tr«.gth «nd Pr«p.rtl« •! [ 0 - ± 45 *], i/f 1 m K (75«> end Alt^ 10.000 hr 

of Fll 9 ht Siimilotlofi Cxpof oro 


Spodmofl Fll 9 lit Slimi lotion 

Numbor Spoclmon Numbof 


Sfi ow gt ti 

MN/m^ (ktl) 


Medoitti 

ON/fn2 (Msi) 


Unnotched Tensile^ 10,000 hr 


A9121 

AC91-2 

-2 

-2 

A913-1 

-3 

-2 


A914-1 

-4 

-2 

-4 


392 

56.8 


68.9 

10.0 

373 

54.1 


- 73.8 

10.7 

498 

72.2 


86.2 

12.5 

400 

58.0 


76.5 

11. 1 

362 

52.5 


71.7 

10.4 

337 

48.9 


60.0 

8.7 




av 

394 

57.1 

72.8 

10.6 

Baseline 


av 

61.8 

89.7 

94.5 

13.7 

Notched Tensile: 10,000 hr 






AF913-1 

AF91-3 


452 

65.6 



-2 

-3 


411 

59.6 



-3 

•3 


412 

59.7 



AF915-1 

-5 


315 

45.7 



-2 

-5 


366 

53,1 



■3 

-5 


424 

61.5 






av 

397 

57.5 



Baseline 


av 

461 

64.2 



Compressive: 10.000 hr (entire specimen 

width used) 




A9C-1 

AC9M 


834 

120.9 

84.1 

12.2 

,9 

-1 


934 

135.4 

82.0 

11.9 

“A 

-1 


834 

120.9 

86.2 

12.5 

-4 

-1 


1086 

154.9 

82.7 

12.0 



av 

918 

133.0 

83.8 

12.2 

Compressive: 

10,000 hr (cut from between grids) 




A9C-5 

AC91-5 


741 

107.5 

79.3 

11.5 

-6 

-5 & AC92-5 


709 

102.9 

72.4 

10.5 

-7 

AC92-5 


754 

109.3 

82.0 

11.9 



av 

735 

106.6 

77.9 

11.3 

Baseline 


av 

1540 

223.4 

102 

14.8 
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JM* IMl. MM Axtal FH9- Datohr [V>± iS*], i/f ^ »7 IC (75» f) AH^ 10.000 hr •! Hl9ht 
SlmwIoHen bpewr*. t = 0.1 


Sp«dmM FWgli* SlimitoHon 

NumbM’ Sp«diti«i Number 


MaTrlnwitw StrM 

SpcdniMi 

Typ« mt/rnf (W) C»d« 


Comments 


A912-3 

A913-3 

-4 

-5 

-6 

A914-3 

-4 

-5 

-6 

AF913-4 

•5 

-6 

AF914-1 

-2 

-3 

AF915-4 

•5 

-6 


AC91-2 Unnotfiied 

-3 
-3 
•3 
-3 
-4 
-4 
-4 
-4 

AF91-3 Notched 

-3 
•3 
-4 
-4 
-4 
-5 
-5 
-5 


310 

45 

<1.000 

276 

40 

7.975,000 

293 

42.5 

47,000 

276 

40 

^ 5J72.0Q0 

310 

45 

<1,000 

293 

42.5 

600.000 

241 

35 

15,234.000 

259 

37,5 

10,245,000 

293 

42.5 

1,000 

345 

50 

10,000.000 

414 

€0 

1,000 

379 

55 

<1,000 

362 

52.5 

<1,000 

345 

50 

<1,000 

328 

47.5 

<1,000 

310 

45 

149,000 

293 

4Z5 

1,213,000 

276 

40 

12,729,000 


Did not fafl 
Did not faO 

Did not fail 


Did not fad 


\ 

\ 
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The unnotched tensile strength was conskkrahly lowered as a result of the 10,000 hours of flight 
exposure while the notched strength was lowered only 10%. The notched proves 
of the resin matrix systems have general^ shown smaller decreases than the unnotched ^r 
exposure This may. in part, result from tht method of specimen cutting where portions of the 
notched specimens had been shielded by the stiffening grids, whereas the unn^hrf^wdroens 
were cut from material between the grids. Cmnpressive strength was degraded slighUy more 
than the unnotched tensile strength. The residual compressive data also show tte eff^of the 
stiffening grid in protecting the underlying materiaL Spedmens cut from the ratare width had a 
compressive strength approximately one^hird greater than spedmens cut from be tween the 
grids. As shown in Figures 12-86 and 12-87. the fatigue properties were considerably lowered by 
the long-term exposure cycling. _ 

O/E [0® ± 45®]«. unnotched ond notched. Residual tensile, notched t en sil e , compressive. Md 
modulus values for G/E writer 10.000 hours of flight simulation exposure are li^ m 
Table 12-22. Data for unexposed material are also included in the table. Residual axial fatigue 


TeMe 12-22. Strenflth and Medulu. Fropertle. of [O® ± 45®], O/E et 2f7 It (75® F) More and After 10.000 hr 
of Flight Simulation Expose 


Spedmen 

Number 

night Simulatioa 
Spedmon Numbor 


strength 
MN/m> (ksO 

WiedulM 
CN/m> (MW) 

Unnotched Tensile: 10»000 hr 






B921-1 

BC92-1 


429 

62.2 

39 

5.7 

-2 

-1 


427 

62.0 

46 

6.7 

B922-1 

-2 


410 

59.5 

46 

6.6 

-2 

-2 


411 

59.6 

50 

7.2 



av 

419 

60.8 

45 

6.6 

Baseline 


av 

496 

71.9 

57 

8.3 

Notched Tensile: 10,000 hr 






BF911-1 

BF91-1 


413 

59.9 



-2 

-1 


445 

64.6 



-3 

-1 


377 

54.7 



BF923-1 

BF92-3 


388 

56.3 



-2 

-3 


470 

68.2 



-3 

•3 


362 

52.5 





av 

409 

59.4 



Baseline 


av 

412 

59.7 



Compressive: 

10,000 hr (entire spedmen 

width used) 




B9C-1 

BC92-1 


316 

45.8 

46 

6.6 

-2 

-1 


293 

42.5 

47 

6.8 



av 

304 

44.2 

46 

6.7 

Baseline 


av 

570 

82.7 

46 

6.6 
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dau at room temperature and a stress ratio. R. of 0.1 for unnotched md noteh^ sirens ^e 
presented in Tabte 12-23. and S-N curves w plotted in Figures 12-88 and 12-89. S-N curves for 
unexposed material are shown on the fatigue plots for comparison. 

Eight unnotched and four notched long-term specimens of G/E did not complete 10.000 hours 
of exposure, either because of complete failure or significant damage m the heated zones. In 
spiteT this the residual tensile properties, particularly for the unnotehed sp^eim. were^ 
severely The cmnpressive strength was. however, greatly affected. After 10,000 

hours of flight simulation the compressive strength was reduced by appro^tely one-^lf. 
This decrease would be anticipated if the failure mechanism proposed for the specimens tlmt 
did not survive the flight simulation exposures was correct. The r^ual fatigue properties 
were significantly lowered with the unnotched material again expenencing a greater decrease 

than the notched. 

O/PI fO* ± 45®],. unnotched and notched. Results of the 297 K (75® F) and 505 K (450® F) ten- 
sile tits on uniliitched and notched G/PI after 10.000 hours of flight simulation exposure are 
nresented in Tables 12-24 and 12-25. Also included are the baseline data for comparison pur- 
poses. Two types of notched tensfle specimens were tested. The first. Table 12-24. was 
unnotched flight simulation specimens and was notched after exposure. The second, Ta^ 
12-25, was cut from the notched flight simulation specimens after bemg ex^s^ mtte notched 
condition. Table 12-26 gives the compressive and short beam shear ^ta for G/PI before Md 
after flight simulation exposure of 10.000 hours. Results of the residual fatigue tests on the 
unnotch^ and notched G/PI material at 297 K (75® F) and a s^ ratio. R. of 0.1 are hst^ m 
Table 12-27 and plotted as S-N curves in Figures 12-90 and 12-91. Data for unexposed G/PI 
tested under the same conditions are shown on the fatigue plots for comparison. 

Table 12-23. ft-id»a\ Axial Forisua IXrta for [0» ± 45o], G/E at 2»7 K (75» F) Altw 10,000 hr of Flight 
Simulation Expocuro, R = 0.1 


Specimen 

Number 


Flight SImulotlofi 
SpedmM Number 


Specimen 

Type 


Moxlmum Stress 
MN/m> (ksi) 


Cydo* 


Comments 


B922-3 

-4 

-5 

-6 

B924-1 

-2 

-3 


BC92-2 

Unnotched 

379 

-2 


345 

-2 


362 

-2 


328 

BC92-4 


310 

-4 


276 

•4 


224 


BF925-1 

-2 

-3 

4 

-5 

-6 

BF923-4 

-5 

-6 


BF92-5 

-5 

-5 

-5 

-5 

-5 

-3 

-3 

-3 


Notched 


276 

310 

345 

328 

362 

379 

328 

362 

241 


55 < ItOOO 

50 6.968.000 

52.5 3,000 

47.5 1,000 

45 4.000 

40 18,000 

32.5 10,466,000 Did not fail 


40 1.829.000 

45 1.143.000 

50 2.000 

47.5 2,571,000 Bond failure 

52.5 112,000 Bond failure 

55 1,000 

47.5 630.000 

52.5 1.662,000 

35 5.778,000 
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lab\m 12-24. Strength ond Modulus Proportlot of [0® ± 45®], G/PI Boforo and Aftor 10.000 hr of Flight 
SImuioHon Exposuro. (Unnotchod flight simulation spocimon) 


Spocimon 

Numbor 

Flight Simulotion 
Spocimon Numbor 

Tomporaturo 

K (»F) 


Strength 
MN/m> (ksi) 

Modulus 
GN/m> (Msi) 

Unnotched Tensile: 10,000 hr 








D912-1 

DC91-2 

297 

75 


405 

58.8 

47 

6^ 

-2 

-2 




331 

48.0 

46 

6.6 

-3 

•2 




225 

32.7 

41 

5.9 

-4 

-2 




323 

46.8 

46 

6.7 

-5 

-2 




510 

74.0 

— 

— 

D914^ 

-4 




423 

61.4 

48 

6.9 

D915-1 

-5 




372 

54,0 

46 

6.7 





av 

370 

53.7 

46 

6.6 

Baseline 




av 

519 

75.3 

53 

7.7 

D912-6 

DC91-2 

505 

450 


334 

48.5 

36 

5.2 

-1 

-3 




411 

59.6 

54 

7.8 

-2 

-3 




303 

43,9 

42 

6.1 

-3 

-3 




225 

32.7 

37 

5.4 

-4 

-3 




296 

43.0 

41 

6.0 





av 

314 

45.5 

42 

6.1 

Baseline 




av 

470 

68.2 

47 

6.8 

Notche* '^ensile: 10,000 hr 








D915-2 

DC91-5 

297 

75 


385 

55.8 



•3 

-5 




198 

28.7 



-4 

-5 




336 

48.8 



-5 

-5 




346 

50.2 



-6 

-5 




199 

28.8 







av 

293 

42.5 



Baseline 




av 

357 

51.8 
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Tobl* 13-25. 


No«ch«<l T«niiU Strength 
cxpoaur*. (Noteh.d H«gM 


of [0° ± 45°1. B^or« owl AHor 
$lmulot1oo ipotiwon) 


T*mp«ratwr« 


Sp«cim«n 

Number 


Flight Slmulotlofi 
Sp«cim«n Number 


K 


(OF) 


10.000 hr of Flight SImolotlon 


Strongth 

MN/m* (M 


Notched Tensile: 10.000 hr 


DF91M 

-2 

-3 

-4 

-5 

-6 

DF912-1 

•2 

-3 

DF914-1 

Baseline 

DF9143 

-4 

-5 

_ -6 
DF9151 


DF9M 

-I 

-I 

-1 

\ 

-1 

-2 

-2 

-2 

-4 


DF91-4 

-4 

-4 

-4 

-5 


348 

50.5 

427 

61.9 

342 

T9.6 

315 

45.7 

355 

51.5 

247 

35.8 

261 

37.8 

323 

46.9 

376 

54.5 

271 

39.3 

av 326 

47.4 

av 357 

51.8 

256 

37.2 

294 

42.7 

377 

54.7 

397 

57.6 

336 

48.7 

av 332 

48.2 

av 336 

48.8 


Baseline 


. , J • in noo hours of flight simulation exposure, the 

While no G/PI and^elevated temperatures decreased by about one 

unnotched tensfle strength at „ to indicate a difference in the average 

third. The residual notched ^tch was machined in the specimen before or aftw 

of degradation depending on whether th . exposure showed a greater average 

expoSre. Those specimens daU. however, indicates that the location from 

decrease in strength. Further cut from the flight simulation specimen nmy 

which the residual notched ‘f are cut from a flight simulation speciinen 
be more imporUnt. Six notched tensile s^ ^ j^r cutting plan). The 

two from the center and four from the ou qJ the compressive stiffen- 
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Tobl« 12-26. 


ComprMsiv* and Short Boom Shoor 
B^foro ond Aftoc 10.000 hr of Fllpht 


Strongth Proportlo* of [0« ± 45^1, G/PI of 2f7 
Slmulofion Expofuro 


K (75® F) 


Spocimon 

Numbor 


Flight Slmulotlofi 
Spocimon Numbor 


Strongth 

MN/m^ (ksl) 


Modulus 

OH/tr? (Msl) 


Compressive 10.000 hr 


D9C1 

-2 

-3 

-4 


DC9M 

-1 

-I 

-1 


Baseline 

Short Beam Shean 10,000 hr 

D9S-1 DF91-5 

-2 


Baseline 


326 

47.3 

41 

5.9 

299 

43.3 

41 

6.0 

264 

38.3 

39 

5.6 

274 

39.7 

41 

5.9 

av 291 

42.2 

40 

5.8 

av 377 

54.7 

46 

6.7 



18 

2.6 


18 

2.6 


16 

2.3 


17 

2.4 

av 

17 

2.5 

av 

37 

5.4 


Toblo 12-27. 


^ IkiHi t 45°). 6/" AIM. ■■.««« *>■>>«.*■ 

SlmulolieM ExpoiMt*. 1 = 0.1 


Sp«dnMn mtM Slmutetlo. Sp^lm«n 
Numb*r Sp«cliii#n Number 'YP* 


Moximum Stross 
MN/m^ (k«l) 


G>mmonts 


D913-5 

-6 

D914-1 

-2 

-3 

-4 

-5 

DF912-4 

-5 

S 

DF913-1 

2 

-3 

•4 

-5 

-6 

DF914-2- 


DC91-3 

-3 

•4 

-4 

-4 

•4 

-4 


Unnotched 293 
241 
207 
172 
190 
198 
190 


DF91-2 Notched 

-2 
-2 
-3 
-3 
-3 
-3 
-3 
-3 
-4 


276 

270 

283 

345 

310 

310 

293 

293 

293 

293 


42.5 

<1.000 


35 

<1.000 


30 

<1.000 

Did not fail 

25 

12.262.000 

27.5 

10.256.000 

Did not fail 

28.75 

<1.000 

Did not fail 

27.5 

10.269.000 

40 

1.099.000 

Did not fail 

39.1 

15.405.000 

41.1 

10.219.000 

Did not fail 

50 

<1.000 


45 

4,000 


45 

1.000 


42.5 

53.000 


42.5 

2.424.000 


42.5 

<1,000 


42.5 

6.000 
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Hgur* 12-»0 A.ioi FoHsu. Prop#rtl*. of [0» ± 4S<>], C/PI Woro end Allor 10.000 hr of FII 9 M Simulation 

Expotoro, »7 K (75» P), R = 0.1, Unnotdiod 



NUMBER OF CYCLES 


Rour. 12 91 Axtol Fotigu. Prop.rtio. of [0<> ± 45°], C/PI Omom ond Afim 10,000 hr of Flight Simulotion 
Expofuro, 297 K (7S« F), R = O.I, Notchod 


12-113 






\ 


symmetric with respect to these shielded portions. The outer specimens have a shielded por- 
tion on only one side of the center hole, and consequently, may experience uneven loading, 
which could initiate premature failure. To check out these effects the outer specimen (dash 
numbers 1, 3, 4, and 6) and center specimen (dash numbers 2 and 5) notched tensile strengths 
are compared in Table 12-28. The data are listed by temperature, without regard to whether 
the notches were introduced before or after flight simulation. For the room temperature tests, 
where sufficient data are available there is a distinct difference in the two types of specimens. 
The more heavily shielded center specimens were approximately 25% higher in notched tensile 
strength. In like manner to the G/E material, the G/PI experienced a significant reduction in 
compressive strength after 10,000 hours of exposure. The decrease was not as great as that for 
G/E, however, approximately 25% as compared to 50%. It is interesting to note that the loss in 
tensile strength was greater than that for compressive strength. Again, howeverT spedimn 
location may be pla3dng a role as the compressive specimens were prepared from tte entire 
width of the specimens while the tensile specimens were cut from the unshielded areas. The 
residual short beam shear data indicate an apparent major reduction in interlaminar shear 
strength has occurred as a result of the 10,000 hours of flight simulation exposure. This 
degradation, if real, correlates well with the failure mechanism proposed earlier for the G/E 
specin^ns. The data, however, are limited, and the effect of bondmg 6 ply laminates together 
to form 18 ply short beam shear specimens requires additional study to determine the useful- 
ness of the results. The unnotched fatigue properties were greatly affected with a lowering of 
the S-N curve of approximately 40% over the entire range from 10^ to 10^ cycles. The notched 
fatigue strength, on the other hand, was just slightly lowered by the 10,000 hours of exposure. 

TobU 12-28. Effact of Spocimon LocoHon on Rotiduol Nofcbod Tonsil# Strongtfi of (0^ ± 45^], G/PI Affor 
10,000 hr of Flight Slmulotlon Exposuro 


Flight Slmulotlon 
Spodmon Numbor 

Toffiporoturo 
K (OF) 

Outor Spodmon 
Strength 

MN/ni2 (ksl) 

Center Spedmen 
Strength 

JMN/m^ (ksi) 

DC91-5 

297 

75 

198 

28.7 

385 

55.8 

-5 



336 

48.8 

346 

50.2 

•5 



199 

28.8 



DF91-1 



348 

50.5 

427 

61.9 

-1 



342 

49.6 

355 

51.5 

-1 



315 

45.7 



-1 



247 

35.8 

- 


-2 



261 

37.8 

323 

46.9 

-2 



376 

54.5 



-4 



271 

39.3 






av 289 

41.9 

367 

53.2 

DF91-4 

5C5 

450 

256 

37.2 

377 

54.7 

-4 



294 

42.7 



-4 



397 

57.6 



•5 



336 

48.7 






av 321 

46.6 

377 

54.7 
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S/AI, [0® ± 45®), and [0®]*, unnotchod. Results of the room and elevated temperature tensile 
tests on unndtched and notched B/Al before and after 10.000 hours of flight simulation expo^ 
sure are presented in Tables 12-29 and 12-30. Residual compressive data for both crossply and 
unidirectional B/Al are presented in Table 12-31. No baseline compressive tests were con- 
ducted on either of the B/Al layups. Also included in Table 12-31 are interfiber shear strength 
data from unidirectional B/Al before and after flight simulation exposure. Results of the 
residual fatigue tests on the unnotched crossply and unidirectional B/Al material at 297 K 
(75" F) and a stress ratio. R. of 0.1 are listed in Table 12-32 and plotted as S-N curv es in Figures 
12-92 and 12-93. Fatigue curves for unexposed B/Al tested under the same conditions are also 
included in Figures 12-92 and 12-93 for comparison. _ _ _ 

Tobl* 12-29. Unnofchod and Notchod TontiU Propartia* of [0® ± 45®], B/Al Bofoiw ond Ahor 10,000 hr of 
Flight Simulation Expoturo 


Spoclman Flight SImulatlo.. 

Numbar Spoclman Numbor 


Tomporotura 
K (®F) 


Strongth Modulus 

MN/m> (ksl) CN/m> (Ms!) 


Unnotched Tensile; 10.(X)0 hr 


EC91M 

EC9M 

297 

75 


409 

59.3 

103 

15.0 

-2 

-1 




399 

57.9 

134 

19.4 

>3 

-1 




406 

58.9 

160 

23.2 

-4 

-1 




301 

43.7 

159 

23.1 





av 

379 

55.0 

139 

20.2 

Baseline 

- 

- 


av 

516 

74.8 

154 

2-2,4 

EC911-5 

EC9M 

505 

450 


264 

38.3 

— 

— 

-6 

-1 




415 

60.2 

143 

20.7 

EC9121 

"2 




404 

58.6 

— 

— 

2 

•2 




359 

52.1 

— 

— 





av 

360 

52.3 



Baseline 




av 

452 

65.6 

121 

17.6 

Notched Tensile: 10.000 hr 








EC912-3 

EC91-2 

297 

75 


303 

44.0 



-4 

-2 




478 

69.4 



■5 

_2 




478 

69.3 



e 





364 

52.8 







av 

406 

58.9 



Baseline 




av 

479 

69.5 



EC913-1 

EC91-3 

561 

550 


283 

41.4 



•2 

-3 




303 

44.0 



-3 

•3 




381 

55.3 



•4 

-3 




354 

51.3 







av 

330 

47.9 



BaseLne 




av 

443 

64.3 
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TaU. ia^. Unnat«h«d ond Notch^l UntlU Prop^rtl.. of [0«]* B/AI of 2*7 K (75» f) Sofoto and Aftor 10.000 
hr of FU9ht Simulation Expoturo 


Sp«€lfn#n 

Number 

Flight Simuiotlofi 
Specimen Number 

Strongth 
MN/m> (ksl) 

Modulus 
CN/m7 (Ms!) 

Unnotched Tensile: 10,000 hr 


■ - - - 

“ - - 


EU913-1 

EU91-3 

1070. 

155 

231 

33.5 

-2 

-3 

972 

141 

240 

34.8 

•3 

-3 

1000 

145 

170 

24.6 

-4 

-3 

1290 

187 

172 

25.0 



av 1080 

157 

203 

29.5 

Baseline 


av 1450 

210 

198 

28.7 

Notched Tensile: 10,000 hr 





EU913-5 

EU91-3 

869 

126 



-6 

-3 

1080 

157 



EU914-1 

•4 

896 

130 



-2 

-4 

924 

134 





av 942 

137 

— 


^Baseline 


av 1220 

177 



•Estimated from notched tensile strength versus temperature curve 

for [0‘lj B/Al 

Figure 7-20. 
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Tobl« 12-31. Compr«s 9 iv« and Intarfibor Shoor Strangtii Fropartlat of B/AI of 2t7 K ;75® F) Boloro and Aftor 
10.000 hr of Flight SImulotion Exposuro 


Spocimon 

Numbor 

Flight SImulotion 
Spocimon Numbor 

Orlontotlon 


Strength 

MN/m> (k*() 

Modulus 

CN/m^ (M*l) 

Compressive: 10,000 hr 



- - 


' - • 


EC9C-1 

EC91-5 

[0» ± 45-1, 


• >910 

■>132 

143 

20.8 

>2 

-5 



•>1^ 

■>182 

147 

21.3 

-3 

•5 



•>1420 

■>206 

117 

17.0 

-4 

•5 



•>1020 

■>148 

112 

16.3 




av 



130 

18.8 

EU9C-1 

EU92-4 

lO^le 




212 

30.7 

-2 

-4 



1550 

225 

197 

28.5 

-3 

•4 



(a) 

(a) 

207 

30.0 

-4 

-4 



1870 

271 

207 

30.0 




av 

1570 

227 

206 

29.8 

Interfiber shear. 10.000 hr 







EU915-4 

EU91-5 

lO'le 


69.6 

10.1 



•5 

-5 



72.4 

10.5 



-6 

-5 



70.3 

10.2 






av 

70.8 

10.3 




Baseline 


av 93.1 13.5 


‘Doubler bond shear failure. 



ToU* ia-32. RMidwal Unnotch«d Axiol Futigu* Doto lor B/AI ol 297 K (75® F) Altor 10,000 hr of Flight 
Simulotiofi Ex|>ofur«, R = 0.1 



Flight Siimilotlon 


Maximum StroM 



Spocimon 


MN/m> 




Numbor 

Spocimofi Numbor 

Oriontotion 

(W) 

Cyciot 

Commonts 

EC913-5 

EC91-3 

[0* ± 45»], 

345 

50 

824.000 


-6 

-3 


379 

55 

130.000 


EC914-1 

•4 


310 

45 

1,789.000 

- ■ 

-2 

-4 


396 

57.5 

7.000 


-3 

-4 


276 

40 

13,704.000 

Did not fail 

-4 

-4 


362 

52.5 

190,000 


-5 

•4 


414 

60 

38,000 


-6 

-4 


293 

42.5 

2.986,000 


EU914-3 

EU91-4 

[0“l6 

827 

120 

— 

Equipment 

Malfunction 

-4 

-4 


689 

100 

16.022.000 

Did not fail 

-5 

-4 


827 

12C 

2.953.000 


-6 

-4 


862 

125 

2.377.000 


EU915-1 

-5 


965 

140 

27.000 


-2 

-5 


1000 

145 

133,000 


-3 

•5 


1070 

155 

28,000 




Figur* 12-92 Axiol Fotiguo Proportfos of [0^ ± 45^], B/AI Boforo ond Aftor 10«000 hr of Plight SImuloHon 
Expouiro. 297 K (75<> P)« R = 0.1. Unnotchod 
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„,W,. «.« A.,. I ■22 "■*” ■” 

* Expo»ur*, 297 K (75® F), R = ®-l. Umiotdiwl 


The B/ A1 system exhibited a loss generaUy^observed for both unnotched 

10.000 hours of flight -_d unidiiStional byups and for mterfiber shear 

and notched tensile stren^h of boUi conducted at both rrom and elevated temper- 

strength of the unidirectiot^ JS^r 

atures gave similar results. Doubler bon ^.rticularlv bad*^with all failing prematurely m 
sive specimens. The crossply specimens . J*. . . however equal to a compressive stress in 
the dopier bonds. The failure tT-The fatigue results for the 

one of the crossply spectoens of 1«0 “Wm^ (2W k«)Jhe 

IT? B/M on the «th» h»d. nhowod 
very little change from the baseline fatigue data. 

ou» in nno-hcnr lomr-term flight simulation residual strength data 
Table 12-33 summarizes the 10,0 . j_-pgggg in the various mechamcal 

obtained from the four composite Table 12-34. In this 

properties is Usted for each of the unexposed tensUe 

", [TS;S'’u™x^o,^ and toe that which h.3 survived 10.000 hours of 

flight simulation exposure. 
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Tabu 12-33. Summary of lO.OOO-hr Hlaht Simulation Rotidual Stronsth Ooto 


Mot»Hol 

Syst«fn 


Tomporaturo Proporty loit 

Proporty K (»F) {%) 


B/E 

[0* ± 45»]g 


G/E 

10“ ± 45»l3 


G/PI 

10 • ± 45«], 


B/Al 

[0“ ± 45"1, 


B/Al 


Ft„ 

297 

75 

36 

Et 

297 

75 

23 

■Notched 

297 

75 

10 

Ecu 

297 

75 

^40-52 

Ec 

297 

75 

»>18-24 

Ftu 

297 

75 

15 

Et 

297 

75 

20 

■Notched 

297 

75 

1 

Ecu 

297 

75 

47 

Ec 

297 

75 

0 

Etu 

297 

75 

29 

Ec 

297 

75 

14 

Etu 

505 

450 

33 

Et 

505 

450 

10 

<=Notched Fc„ 

297 

75 

18 

•Notched F(„ 

297 

75 

8 

•Notched Fj„ 

505 

450 

1 

Ecu 

297 

75 

23 

Ec 

297 

75 

13 

E„ 

297 

75 

54 

Etu 

297 

75 

26 

Et 

297 

75 

10 

Etu 

505 

450 

20 

^Notched Fj„ 

297 

75 

15 

■^Notched Fc„ 

561 

550 

26 

E.„ 

297 

75 

25 



Tabu 12-33. Summary ol 10,000-br FlIgM Simulation Rotidual Stronglh Data — Concludod 


Material 

System 

Property 

Temperature 
K («F) 

Property Loss 
(%) 


<=Notcfaed F(u 

297 

75 

23 



297 

75 

24 


•Notched flight simulation specimens 

^Loss greater for material cut from between gnds 

<^Unnotched flight simulation specimens 


TobI# 12-34. Strength ot Fotfgue Limit or 10^ Cydo« Exprossod os Porcontogo of UWinoto Tonsiio Strength 
Before ond After 10,000 hr of Flight Stmuiotlon Exposure, K = 0.1. 797 K (75® F) 


Moterlol 

System 

Specimen 

Configurotloa 

Condition 

Fotigua Strength at 10^ Cycles 
(% of Unexposed F^J 

B/E 

I0» ± 45»], 

Unnotched 

Unexposed 

52 

— 


Exposed 

45 


Notched 

Unexposed 

92 



Exposed 

62 

G/E 

Unnotched 

Unexposed 

90 

10“ ± 45 “Is 


Exposed 

49 


Notched 

Unexposed 

92 



Exposed 

€9 

G/PI 

Unnotched 

Unexposed 

GO 

10“ ± 45 “Is 


Exposed 

37 


Notched 

Unexposed 

W 

- 


Exposed 

78 

B/Al 

10“ ± 45“1, 

Unnotched 

Unexposed 

74 



Exposed 

54 

B/Al 

Unnotched 

Unexposed 

57 

I0“l6 





Exposed 


53 


I2.7U. PHASE II TEST PLAN. The test plan, as originally proposed, for the long-term flight 
simulation program was to expose 10 specimens of each material ^stem for 10,000 hours in 
Phase I and 10 additional specimens for 50,000 hours in Phase II. The resin matrix specimens 
were all crossplied layups, half unnotched and half notched. The metal matrix specimens, B/Al, 
were equally divided between unidirectional and crossplied and were all unnotched. A modifi- 
cation was made to the test plan for Phase II by adding three more unnotched specimens of 
each material/orientation combination that would be exposed for 25,000 hours. 

Because of the high failure rate of the G/E specimens and the extensive visual degradation of 
the B/E specimens, it became necessary to further modify the Phase II plan. All of the original 
B/E and G/E flight simulation specimens were removed, and new specimens were fabricated m 
replace them. These specimens, which were all unnotched, were installed in the simulator as 
foUows: 

Bay 5 5 B/E, 10,000-hr specimens 
5 G/E, 10,000-hr specimens 

Bay 6 3 B/E, 25,000-hr specimens 
3 G/E, 25,000 hr specimens 

Bay 7 5 B/E, 50,000-hr specimens 
5 G/E, 50,000-hr specimens 

The random load spectrum remained unchanged except that the load levels are now the 
average of those applied previously for the two epoxy materials. The change (shown below for 
the maximum tensile loadsl is quite smaO, less than 1%. 

Previous B/E load: 17.53 MN (3942 Bj) 

Previous G/E load: 17.68 MN (3975 lb) 

Revised load: 17.60 MN (3958 Ib) 

An increase in testing efficiency will be possible by intermixing the two systems as the flight 
simulation exposures can be poiormed in three bays rather than the four required if the systems 
were run separately. This also frees a bay for possible new material additions in the future. 

The miiximnm test temperature during flight simulation testing of B/E and G/E was reduced 
from 408 K (275 ° F) to 373 K (212 ** F). This temperature was determined from a log time versus 
1/T plot of G/E thermal aging data obtained earlier in the program. The curve represents the 
time/temperature combinations at which significant degradation of the epoxy matrix begins. 
Extrapolation of the curve to 50,000 hours gave the new test temperature. 
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SECTION 13 

\ 

THERMAL EXPOSURE TEST PROGRAM SUWIMARY 


This section presents an overview of the thermal exposure test programs with emphasis on 
Sds^senfed for each of the materials. Specific tests included in the summary are the bee- 
line tensile, compressive, and shear tests; the thermal aging tests; the short-term tests; tlie 
lonifterm^ id the baseline and post-flight simulation constant amphtude fafague tests. 
Thfthermal aging tests are included in the summary even though they gene^y showed that 
ffects occur at temperatures higher than the select^ maxin^use temper- 
In thlrombined load/environment tests, some of the them^ ag^ effects w^ tng- 
,t U^eTtemperature, by the conj.ta.tion of load cycloa. ttatmnd cycloa. Bid tuna at 

temperature. 

Test data are presented in two ways. To aid the obsenmtion of ^nds. J 

been plotted as a fanction of the various tests performed, where the te^ are ord^ either m 
increasing test time or test sequence. Selected individual data have been ptotted to obs^e 
scatter For the constant amplitude fatigue tests, the cyclic stress at 10 cycles 
£SSSS5S^tadic.ta.horotati«SB,erit,oftharfI^ofta«gJ«.^^^ 
were chosen in keeping with summary charts presented previously m teth ’ 

When fatigue effects are indicated by this simplified plotting method, the ad^l S-N 
SSSi SmX forme re insight mto the r^dve eff^._In addition, ^ow th^^s 
of the thermal exposures on specific properties, r^idual 

hag oline Strengths by means of bar charts. The bm charts Imve been prepared for v- u 

G/E G/PI, andB/AUnd unidirectional B/Al as these were the layups and^ter^ for whiA 
flight simulation data were available. For the resin matrix com]^^, the t^dual notched 
tonaila and notched fatigue values were obtained from notched flight simulation speranras. 
The residual notched tensUe data for B/Al were obtained^from iMterial that 
flight simulation. The fatigue strengths shown on were ^ for 10 cycles m 

k^ing with summary charts presented previously m both Sections 11 and iz. 

S/E [0» ± 450].. unnotchwi. Figures 13-1 and 13-2 summarize the av^ble te^for the un- 
notehed B/E As no baseline tensile testing was performed (except for t^ 
temnerature), the mean strength at 422 K (300* F) was estimated to be 545 MNtei (79 ksi) and 

the Weibufl ’shape parameter, a, was obt^ed ^m JeJ 

translates to a coefficient of variation of about 5%, and mdicates that B/5505 B/E is a weU 

controlled repeatable composite system. 

The short-term tests with a peak stress of 321 MN/m2 (46.6 k^. at a constot 422 K (300 » F), 

showed the typical reduction in mean strength and im^ase m ^tter 

failures occun^, and the residual strength failure mode was the same as that for the room 

temperature baseline tests. 


Wearout analysis was performed to select the peak stress of 302 MN/m2 (43.8 ksi) for the long- 
term tests. 
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(it^i Hiswaais 
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Figure Unnotcl 












Afu. the fim .000 hour,. ‘X- 

10750 F) No fatigue failures occurred m the lu.uuu noura 000 Miu/m’ moUqiI nml 

U<J> r I. i,iu .OWK „n«,tpd with five specimens between 338 MN/m- (49 Ksi) anu 

tests showi^ more scatter th j. 77^ average decrease at room temperature 

too MNta= .M W .uO r- at ^ ov«. gn..t» reductuH., in 

Wh. 

the m.l», h« ^n 

s:tsr,JSpr«^..w 

compared to the baseline value of 324 MN/m- (47 ksi). 

ssi-i rrusis - 

cause extensive damage. 

B/E r0« ± 450] notch^l. Figure 13-3 s-immarizes the trend d>»ta 

re^dlal properties after flight simulation exposure are summarized m Figure 13--. 

Th.. 4‘>-> K (300“ F) baseUne mean strength was calculated to be about 462 MN/m- (67 ^ 

The 42- K (300 f ) oaseune me * -phe short-term specimens were cycled to a 

strei 2TMN/m2 (36 ksi) at 422 K (300 “ F) and exhibited the typical wearout effects of 

Sduced mean and increased scatter. Failure modes were net tension. 

Wearout analysis was us^ to sel^ ^Oo'' ^o 4^®^^^^^ 

temperature, and oxidation. 

Th.. R = 0 1 fatimie strengths for 10' cycles at 297 K (75“ F) before and after the long-term 
Sts were 407 MN/m= (59 Si) and 276 MN/m-: (40 ksi). substantiating the degrading effects of 

flight simulation exposure. 

r /E ((»«-»- 45“1 onnotched. The baseline mean strength of the G/E unnotched specimens rt 
rirK (3-’5“ F) (Figure 13-4) was about 496 MN/m*: (72 ksi) with a calculated 
,hupu indicle, poor rep^ducihilit.v ihu. 

impedes the clear interpretation of test trends. 
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FIsMr* ia<4 UniMtch«d [0° ± 45«], <S/E 






The short-term specimens were cycled to a peak stress of 338 MN/m? (49.1 ^22 K 

(300* F), typical wearout was observed, including two early fatigue faucres. Failure mode 
was net tension, the same as the baseline tests. 


The wearout analysis was used to select the peak long-term stress of 30S <^*2 ksD, and 

after 1000 hours, the cruise temperature was reduced to 408 K (275* F). Multiple fati^e 
failures occuixed, principally by progressive delaminatiom The few residud strength rraults 
(Figures 13-4 and 13-5) showed only a slight reduction in the mean tensfle strei^th but a 
drtutic reduction in the mean compressive strength. The combination of severe oxidation and 
delamination growth during flight simulation exposure was a major impact to the program. 

In like to the B/E system, thermal exposure without load at 450 K (3M* F) produ<^ _ 

severe degradation of the matrix and a very large decrease in tensile strength. No compressive 
tests were performed, but the appearance of the faded specimens^hidiwted Aat c^^^ 
properties would also be poor. Thermal aging at 394 K (2M* R and at ^50 1^50 F) at 
reduced pressure, however, gave no degradation in properties after at least 10,000 hours of 

exposure. 

The post long-term test value of aio7 after R = 0.1 fatigue at room temperature^ ^wn to 
241 MN/m2 (35 ksi) from the 448 MN/m2 (es ksi) baseline The low value of the baselme ajoT. 
386 MN/m2 (56 Ids), after R = -J fatigue at 450 K (350* F) is probab^r attributoble mos^ to 
material variability. Constant amplitude fatigue at R * 0.1 during baseline ti^g ym shoro 
to produce severe reductions in strength. Compressive failure are 

that produced ajoT values of 172 MN/m2 (25 ksi) at 297 K (75* ¥) and 172 MN/m2 (25 1^ at 
450 K (350® F). In hindsight, the test program, especially for the graphite systems, should 
have emphasized compressive effects. 

G/E ro» ± 45®!.. notched. Broad scatter was again evident in the baseline notched G/E with an 
u v^e of 12.0 and a mean strength of about 4!4 MN/m2 (60 ksi) (Figures 13-5 and 13-6). 


The short-term tests, cycled to a peak stress of 249 MN/m2 (36.1 ksi) at 422 K (^ 
duced no fatigue failures, but showed decreasing strength and increasing scatter. The residual 
strength failure mode was net tensiom 


After wearout analysis, the long-term specimens were cycled to a ^ 

(33.6 ksi). The temperature was again reduced from 422 K (300* F) to 408 K (W5 F) afto 
about 1000 hours. The badly oxidized residual tensile strength specimens retained a surpnsmg 
amount of their original notched strength, exhibiting values from 358 MN/m2 (52 ksi) to 
469 MN/m2 (gg ksi). 


Amun tensile fatigue testing did not discriminate the effects too well, with the post long-term 
test ffin 7 value (R = 0.1) at 297 K (75* F) being 283 MN/m2 (41 ksi), compared to the ba^e 
values of 379 MN/m2 (55 ksi) and 345 MN/m2 (50 ksi) at 297 K (75* F) and 450 K (350* F). 


The stress ratio of R = -1 showed the much more severe effects of compresssion with axo’ 
values of 124 MN/m2 (18 ksi) and 152 MN/m2 (22 ksi) at 297 K (75* F) and 450 K (350* F) 
respectively, for the baseline tests. 
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Figure l3-« Notched (0- ± 4S<>], G/E 




C/PI, [0® ± 45®],, unnotchad. The G/PI data is summarized in Figures 13-7 and 13-8. Baseline 
tearing showed poor reproducibility, as exhibited by a mean strength at 505 K (450* F) of 
469 MN/m2 (68 ksi) and an o value of 12.15, Notice that one of the baseline specimens only 
reached 296 MN/m^ (43 ksi). These panels had measured void contents up to 13%. so that 
defect sensitive failures modes could be greatly influenced by individual specimen quality. 

The 505 K (450® F) short-term peak stress was originally selected to be 331 MN/m^ (48 ksi), but 
nine out of 10 specimens failed the proof load at 283 MN/m2 (41 ksi): consequently the stresses 
were reduced to a 207 MN/m2 (30.1 ksi). Tests of the short-term panels showed that they 
were about 69 MN/m^ (10 ksi) weaker than the baseline panel Eventually, the short-term 
specimens exhibited typical wearout indications of decreasing strength and increasing scatter 
with test time. 

The long-term test peak stress was reduced to 149 MN/m^ (21.6 ksi), and at 505 K (450* F) 
iTiaTimiiin cTUise temperature all specimens achieved 10,000 hours. Residual tensile strengths 
at 505 K (450* F) ranged from 228 MN/m2 (33 ksi) to 414 MN/m2 (go ksi) and at 297 K (75* F) 
ranged fiern 228 MN/m^ (33 ksi) to MN/m^ (74 ksi). Reproducibility was quite poor, even 
thou^ the failure mode remained tensile, and no aging m delamination affects were observed. 
Residual compressive strength was reduced by approximately the same degree as the tensile 
strength. This was in contrast to the epoxy systems were conqiressive strength was consider- 
ably more affected by flight simulation exposure than the tensile strength. The sh^ strength 
a-rliiKitnH the greatest decrease with a loss of more tlm 50% after 10,000 hours of flight cycling. 
This may be an ind icarirt" that G/PI flight simulation failures may occur early in the Phase II 
test program if the failure mechanism pruposed for the epoxy systems is operative for the 
pol3rmide system as well 

The results of the 10,000-hour thermal aging exposures. Figure 13-8, clearly show the effect of 
a ging temperature, with v«y little decrease in tensile strength when aged at 505 K (450* F) 
and almost a 50% reduction at 561 K (550* F). 

The post long-term fatigue tests at R = 0.1 and 297 K (75* F) produced a oio, value of only 
193 MN/m2 (28 ksi) as compared to the baseline values of 310 MN/m^ (45 ksi) at 297 K (75 * F) 
and 269 MN/m^ (39 ksi) at 505 K (450* F). Panel-to-panel scatter may be influencing these 
results. 

A gain the effect of compressive stresses was demonstrated by the baseline fatigue tests at 
R s -1. Values of alQ^ were 152 MN/m2 (22 ksi) at 297 K (75* F) and 124 MN/m2 (18 ksi) at 
505 K (450* F). 

O/PI. [0® ± 45®],, notched. Even these notched specimens suffered from voids, porosity, and 
panei-to panel variability. As shown in Figure 13-9, their mean strength at 505 K (450* F) was 
about 338 MN/m2 (49 ksi). The Weibull o was 12.15. 

The short-term peak stress was 141 MN/m2 (20.5 ksi) at 505 K (450® F). and all specimens had 
about the gnme strength after 100 and 200 hours. Net tension failures were obtained from all 
specimens. The long-term peak stress was 125 MN/m2 (18.1 ksi). All specimens survived this 
relatively low stress level Residual notched tensile strengths at 505 K (450* F) ranged from 
255 MN/m2 (37 ksi) to 400 MN/m2 (58 ksi). and at 297 K (75* F) they ranged from 248 MN/m2 
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Figure 13-7 Unnatch#d [0® ± 45®], G/PI 




STRENGTH (ksi) 
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Figure 13-t Summory of Rotiduol Proportloi of (3® ± 45®], O/M Aftor 10,000 hr of Expoturo 







(36 ksi) to 428 MN/m2 (62 ksi). No particular 5o(^ 

L^fKKwl TTiP decrease in the average notched tensile strength after 10,000 hours or mgni 

si^tion exposure was quite small compared with that obS|^ed 

(Figure 13-8). Similar differences in i -operties of notched and ^otched specunens of both 
B/Emd G/E wre also observed after 10.000 hours of flight sunulation. 

ul MN/m2 (50 ksi) at 505 K (450» F). Panel variabffity is evidently operatmg here to confuse 
the trends. . _ 

The baseline reversed loading tests at R = -1 produced much lower ffio^ values of 83 MWm2 
ImS) at297K (75 « F) and I) MN/m2 (13 ksil at 505 K (450» F), indicatmg the severe effect of 

compressive loading. 

B/AI r0« ± 45‘>1.. Trend conclusions for B/Al were somewhat hamp^ by varmb^ 
Figui 13-10 and 13-11 summarize the data for the crossply layup. Stofac strength at 505 K 
(450» F) was about 455 MN/m2 (gg ksi) with an a of 13.7. 

The short-term specimens were cycled to a peak stress of 345 MN/m2 (50 ksi) at 505 
Fatiffue failures occurred in both sets of specimens, and the two had quite differrat m^ 
the one reehtad strength vein, of 323 MNtef (46.8 luS which -ss hehm the 

peak cyclic stress. 

The long-term s^imens were tied to only 208 MN/n.3 (30.1 M). 

u 3i Tha <>n'i K (450® F) residud tensile strengths w«e scattered from 262 MN/m 
r^^Srlo «4 MN/m2 tio kS. m K (75® ^ residuals scatter^ fro^3 MlS^ 

(44 ksi) to 407 MN/m2 (59 ksi). The aluminum surface appe^ rou^ and the fibers had been 
d^dJd bVthe IWOO horns at 505 K (450® F). Residual compressive t^ were not 
SdbecauM ofpremature shear failures in the doubler bonds. However, the sp^^ *d ^ 
high compre^ve stresses (weU in excess of the tensile strength) before the doubler 

bond failure. 

f -• losses eauivalent to those determined after flight simulation could also have 

S^^uSg thermd a^g at 505 K (450® F) for 10.000 hours. Similar effects were not 

observed for the resin matrix systems. 

Md 173 MN/m2 (25 ksi) at 297 K (75® F) and 505 K (450® F) respectively. 
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Figure 13*11 Suftimory of RotMlaal Proportlot of [0^ ± 43^], t/AI Aftor 10.000 hr off Expofuro 
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SECTION 14 
CONCLUSIONS 


This report describes a program to characterize the properties of several types of advanced 
filamentary reinforced composite material systems ^fore and after exposure to 
supersonic cruise environments for real times of up to 50,000 hours. Because usage of the com- 
posites was intended for the lower wing surface of a supersonic aircraft, exposure loads and 
subsequent residual property measurements were largely tensile. Moisture effects were 
generally avoided by utilizing careful bakeout and storage procedures. Material behavior dur- 
ing these exposures and post exposure residual property tests provide exposure effects and 
reveal material failure modes and degradation mechanisms. In addition to the flight simulation 
exposures, the program provides extensive thermal and ambient aging data for out to 
60,000 hours. This Phase I report has presented considerable baseline fatigue, creep, fracture, 
and tensile data for all the systems and the flight simulation and thermal and ambient aging 
resulte for the first 10,000 hours of the 50,000-hour study. The observatkms and conclusions 
relating to these baseline measurements and the environmental exposure tests are summar- 
ized briefly below. 

A-S/3501 G/E and B/5505 B/E should be limited to temperatures Iowa rtn»« 373 K (212® F) for 
cumulative exposures greater than 10,000 hours because of: 

1. Eariy flight simulation test failures (due to compressive loading and thermal cycling com- 
bined with oxidation induced matrix degradation). 

2. Loss of r^idual strength during flight simulation and thermal aging exposures (due to 
oxidation induced matrix degradation). 

3. Moisture effects on elevated temperature strength (due to matrix H^i g pi^^ tion). 

HT-S/710 G/PI should be limited to 505 K (450* F) for exposures greater than io,(XX) hours 
because of: 

1. Loss of residual tensile strength during thermal aging (due to oxidation matrix 

degradation). 

2. Loss of residual strength, primarily matrix dominated, during fli ghii «rimiila^-i>n exposure 
(due to combined compressive and thermal stressing in conjunction with oxidation induced 
matrix degradation). 

B/6061 B/Al should be limited to 505 K (450* F) for exposures greato* ri»aii io,(MX) hours 
because of: 

1. I^ss of residu^ tensile strength during thermal aging (due to interface diffusion induced 
fiber degradation). Some loss in strength can occur at temperatures as low as 450 K 
(350* F). 
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2. High temperature fatigue effects (matrix surface cracking and oxidation). 

3. Loss of residual strength during flight simulation exposure (due to interface diffusion 
induced fiber degradation, matrix surface cracking, and oxidation). 

B/P 105 AC B/PI is not suitable for this application because of severe iMtra d^dation dur- 
ing thermal aging and short-term flight simulation exposures at 505 K (450 F). 

For the two enoxy systems the baseline and short-term flight simulation results were used in a 
wearout moddTto establish the long-term loading conditions For the G/PI 
however, the wearout theory could not be appUed because of mconsistent short-term daU. The 
wearout model was based on a tensile failure mode and made no consideration for Aermal 
effects. Phase I results for the epoxy systems indicated that a more 
needed This new model would be required to account for failure mechanism changes and t 
mal degradation during the course of the flight simulation exposures m order to more accurate- 
ly predict complex real time exposure effects. 

For the resin matrix systems, matrix degradation by oxidation was shown to be the pnn^ 
!^ure of mShlical property losses during thernud aging. For G/E 

could readily be detected by metaUographic techraques. esp^y with the SEM. Sm^ 
studies of G/PI revealed increased porosity and fiber-matnx sepwation accompamed by 
numerous fine cracks at the fiber-matrix interface. For the B/Al metal matrix 
aging strength decreases were primarily fiber related rather than caused by degradation of the 

aluminum matrix by oxidation. 

Fatigue strength was found to be dependent on the stress ratio used m twting. Remits for 
fonoion-comDressive loading (R = “D were considerably lower than those obtamed for 
tension-tensUm loading (R = 0.1). The effect of a notch was graeraUy to reduce the fatigue 
SSsiV However, some exceptions were observed at elevated tempera^ ^d adihtional 
studiS^ warranted. Severe degradation of the aluminum matrix was found 
testing at 561 K (550 » F). Testing in an argon or ratrogen at^sphere or lowenng the 
temperature to 505 K (450“ F) significantly decreases the matrix degradation. 

Absorption of moisture by the epoxy systems caused a significant 

vated temperature strength. Moisture effects were generally less damagmg for the G/PI 
system, particularly for the ambient environment exposures. 

Uncoated B/AI i.« subject to pitting and subsequent intergranulw corrosion ^cking when 
exoosed for long periods in an industrial-seacoast enviro^ent. These corrosion cracks can 
seriously degrade the matrix controlled properties by acting as crack starters. 

Boron or graphite reinforced composite materials with 0“ pUes align^ in the dir^ion of loa^ 
hi ™der?o wry Uttle creep even at stress levels, which result in ^cture m s^rt exposure 
times. Because of the low creep strains observed m these materials it is suggested that stress 
rupture tests be substituted for creep measurements. 
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appendix a 

AN ANALYSIS OF THE B/P105AC BORON POLYIMIDE SYSTEM 


. . . fhmiKjh Phase I of the wogram the decision was made to cancel all 

B/P105AC bor^lyimide system. The of the 

SSsfle prop^es found for the majority of the panels and extensive thj^ 

' abated dnriMAermal aging and sh«t-tenn fB^t simulation testmg. The foUov^ is a 

experienced with this material system, and what are beheved 

to have been the reasons for the poor results. 

T 107 ^ M kir <62 lb» of B/P106AC prepr^ was ordered from AVCO Corporatira 

ta ^ to bSL. of difficalto «K 00 nt«d ^ AVCO m 

obtuSg^Sr^Snniido resin from the menufecttrer. CibeCdgy. d*very enmdd^ 
SrSd ^ receipt of the prepreg. qmditjr mwmmce tes^ ro perf ormed The 

fomid to be Kceptobie. Two queiitjr essnrmiee pj^i^ then M>nc<^ 
More mialitv nssoronce testing couM he complete4 however, CibwGeigy mfomed us that 

P105AC resin Ise. letter on Peg. A-2). mni es they were the 

only source of this material, testing was put on hold. 

Th« results < see Tables 6-8 and 6-9) indicated the materials to be acceptoble. Onfy the 
^^^SSJ^^^sO^MSmuniLecttaudmeteridv™ 

SShlS^to “ «Uue of .bout gj to 83 MN/m* (10 to 12 » Besed on the 

quality assurance tests, the required number of fall size ponela were fsbncated. 

At .bout this tiira in the program, mid 197A the start of shorty 

II j orhMiiilA Since only crosspUed spedmcns were to be used m the short-term testo* 

uMl notched tensile tests were performed. Results are given m Tables A-1 a^A-2. 
were typical of good material; consequently slwwt-term specimens were prepared and install 

in the flight simulation apparatus. 

Baseline testing of the unidirectional materiaL whkh previously had 

SfuZ SSrtS A^ during this time period, the end of 1974, results from the the^ agmg 
ing notched specimens were cut from panel LRC-34. 
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CIBA-GEIGY 


Plastics Opmtioni 

CIBA-GEIGY Cof per anon 
Ardsley. New York 10502 
914 4783131 


November 15 , 197 3 


Dear Customer, 

It is necessary for us to discontinue one of our polyiniide 
products. P105AC. when present stocks are exhausted. This 
is occasioned by the unanticipated withdrawal from commerce 
q£ 0 f ^3 of the monomers reejuired. thiodianiline. P105A. an 
earlier version, was replaced by P105AC early in 1973. The 
former product also was based on this monomer and cannot be 
re— introduced. Adhesive, composition, LSU— 1106, also contain- 
ing thiodianiline is similarly affected. 

Our P13N polyimide family contains no thiodianiline and is 
not affected. We encourage use of P13n in your applications. 
If changes in processing are reauired due to different flow 
characteristics, our Development & Applications Laboratory 
stands ready to render necessary assistance. 

We are sorry for any inconvenience that this reluctant but 
unavoidable decision may have caused. CIBA-GEIGY appreciates 
your valued business and looks forward to providing continuing 
requirements for high quality engineering resins. 

Very truly yours. 


Manager, Business Development 
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Tobl» A-1. T«nfiU PropwtiM [0® ± 45®], i/ff 


Spedmen 

Temperature 


Temile Strength 

TentOe Modulus 

Number 

K 

(OF) 


MN/iii2 

(k*o 

CN/m> 

(M.0 

CCOl-l 

218 

-67 


450 

65.3 

88 

12.7 

-2 




478 

69.4 

79 

11.5 

“3 




513 

74.4 

84 

12.2 

— ■- 

. .. - 


- av 

480 

69.7- 

84 

12.1 

CCOM 

297 

75 


510 

74.0 

•105 

•15.3 

•5 




505 

73.2 

■110 

•16.0 

-6 




565 

81.9 

■ 91 

■13.2 




av 

527 

76.4 

102 

14.8 

CCOl-7 

505 

450 


490 

71.1 

■ 66 

* 9.5 

-8 




484 

70.2 

• 66 

* 9.5 

-9 




547 

79.4 

• 62 

■ 9.0 

.22 




539 

78.2 

__ 


-23 




518 

75.2 



•24 




478 

€9.4 



-25 




538 

78.1 


_ 

-26 




565 

81.9 

_ 


-27 




549 

79.6 



•28 

" 



494 

71.6 



-29 




443 

64.2 

_ 


-30 




544 

78.9 



-31 




525 

76.2 



-32 




555 

80.5 

_ 


-33 




562 

81.5 



-34 




522 

75.7 



-35 




494 

71.7 

— 






av 

520 

75.5 

65 

~9l 

CCOl-10 

533 

500 


501 

72.6 



-11 




465 

67.5 

__ 


-12 




483 

70,1 

— 





av 

483 

70.1 



CCOl-13 

561 

550 


446 

64.7 

• 58 

® 8.4 

-14 




437 

63.4 

■ 55 

• 8.0 

•15 




447 

64.8 

* 56 

* 8.1 




av 

443 

64.3 

56 

8.2 

CCOl-16 

589 

600 


415 

60.2 



-17 




452 

65.6 

__ 


-18 




463 

67.1 


_ 




av 

443 

64.3 



CCOl-19 

616 

650 


444 

64.4 



-20 




468 

67.9 

__ 


-21 




482 

69.9 







av 

465 

67.4 




A Strain gage measuremeDt 
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Tabu A-2. Bosollfia Notdiod TontlU ProporHof of [0" ± 45^], B/P1 


Spocimon 

Numbor 

Tomporotura 
K (*F) 

Notchod TontiU Stiongth 
MN/m^ (ksi) 

CC02-1 

218 -67 

444 W 

64.4 

-2 


432 

62.7 

-3 


458 

66.4 



av 445 

64.5 

CC02-4 

297 75 

503 ' 

73.0 

-5 


424 

61.5 

S 


404 

58.6 



av 444 

64.4 

CC02-7 

505 450 

396 

57.5 

*8 


379 

54.9 

-9 


377 

54.7 

-22 


383 

55.5 

•23 


380 

55.1 

-24 


342 

49.6 

-25 


381 

55.2 

•26 


379 

54.9 

-27 


399 

57.8 

-28 


372 

54.0 

-29 

■ 

367 

53.3 

-30 


372 

54.0 

-31 


358 

52.0 

-32 


369 

53.5 

-33 


361 

52.4 

•34 


356 

51.6 

-35 


372 

54.0 



av 373 

54.1 

CC02-10 

533 500 

418 

60.4 

-11 


395 

57.3 

•12 


423 

61.3 



av 411 

59.7 

CC02-13 

561 550 

392 

56.9 

-14 


398 

. 57.7 

-15 


381 

55.3 



av 390 

56.6 

CC02-16 

589 600 

396 

57.5 

-17 


388 

56.3 

•18 


388 

56.3 



av 391 

56.7 

CC02-19 

616 650 

437 

63.4 

-20 


425 

61.7 

-21 


459 

66.5 



av 440 

63.9 

* Net section strength. Le, based on total width less hole diameter. 



ToW« A-3. ■'•iwll* Prop«rt<»« I#®]* 


Sp«ctfn«n 

Number 


CUOl-22 

-23 

-24 

_ -25 

-26 
-27 
-28 
-29 
-30 


CUOl-10 

-11 

-12 


CUOl-16 

-17 

-18 


CUOl-19 

-20 

-21 


T«fitp«ratur« 
K (®P) 


505 450 


533 500 


561 550 


589 600 


T«iwll* SiTMifth 
MN/m^ (ksi) 


848 

123 

765 

Hi 

717 

104 

800 

116 

772 

112 

779 

113 

945 

137 

572 

82.9 

657 

95.3 

761 

no 

630 

91.4 

627 

31.0 

910 

132 

722 

105 

510 

74,0 

606 

87.9 

331 

48.0 

482 

70.0 

421 

61.0 

690 

100 

745 

108 

619 

89.7 


Results of thermal aging exposures at 508 K (450® F) and 561 K (550® F) for tmes to IMO 
hnurs were also very^r. Tensile testing of specimens aged for 500 hours ^ « 

^es mth tte specif BtersJly iailmg ^daring tte 

faded by delamination during the doubler bondmg operation and could not even be tested. 

The third indication of unsatisfactory material <^e *img the 
the proof load used for the short-term exposu^ four of the specimens 

iinnmximatelv 350 MN/m2 (50 ksi), well below the average of 520 MN/m (76 Rsi> 
byline tests The appearance of the failed specimens, which prior to proof 

K (400- F) to «noovo «,y aWbrf moialuro. 
from the thermal agtog teeta. The ream had erumhled away m the region 
of the failures leaving bare boron filaments. 

At the beginning of the short-term testing of the G/PI system, a few of 
thnf had survived the proof test were included in with the G/PI specunens. One of the^ fai^ 
Si^o^en hou^^^^^ the remaining ones were badly dama^ and about to ^Jhe 
flnnaarance was similar to those described above with the resm breaking away from th j 
aSits. Figure A-1 shows the heated area of one of the uidafled sp^imens. at is hel 
together by the boron filaments with only a small amount of resm remammg. 


Tobl« A-4. Bas«lln« Notched 

Prap«iiM of [®»]4 i/n 


Sp«cim«A 

Niimb«f 

Tampcrotwr* 
K (»F) 


Nofdwd T«fi«il« Stfinth 
(kd) 

CU02-4 

297 75 


717 W 

104 

-5 



557 

SOS 




469 

68.0 



av 

581 

84.3 

CU02-7 

505 450 


6^ 

97.1 

•8 



896 

130 

-9 



862 

125 

-22 



1250 

181 

-23 



1320 

191 

-24 



1190 

173 

-25 



703 

102 

-26 



1230 

179 

•27 



1080 

156 

•28 



1100 

159 

-29 



1110 

161 

-30 



1120 

162 

•31 



903 

131 

•32 



910 

132 

•33 



882 

128 

-34 



827 

120 

-35 



862 

125 



av 

995 

144 

CU02-10 

533 500 


1240 

180 

-11 



1200 

174 

-12 



1070 

155 



av 

1170 

170 

CU02-13 

561 550 


1190 

173 

-14 



1130 

164 

-15 



952 

138 



av 

1090 

158 

CU02-16 

589 600 


979 

142 

-17 



1110 

161 

-18 



1040 

151 



av 

1040 

151 

CU02-19 

616 650 


910 

132 

-20 



1010 

146 

-21 



979 

142 



av 

966 

140 

Net section strength* Le, 

based on total width less hole diameter. 




F 19 UC A-1 Ar^ of •- « Short ly Sp^im.n AH.r Only 7 hr •! Flight Slmultl.« l*p*.«r. «t 

S0$ K (450« F) 

To ch«k ihe exttnt of the notteriel problem eod determine the eauw the follonmg tmdte were 
performed: 

a. Measured tensUe properUes of the remaining panels. 

b. Measured specific gravity, resin content, and fiber content of aU tested panels, 
c Conducted metallographic and SEM evaluations. 

Specimens were cut. 

Velnes of specific gravity, resin content, fiber content, end perceM voids 1^ " J"'’!? 

w be no coreeletion between these values and the tensde deu of Table A<. 

rev - anhmitfed for metallographic examination, one that had been theraial 

a^Sl K 1550“ F) for 1000 hours, and a baseUne tensUe specimen. The aged speci^n 
aged at 561 1^550 J I lor i^ crumbled away during preparation. The 

could not be sectio mamification in Figure A-2. revealed several points of inter- 

"Tand^l^^^s^brexpL^aU^^ the poor behfJior of the material. First, the spacing of 
S“^s -S *e pUes was very nonuniform with many of the fdaments tonchmg each 
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Tobi» A*5. Doto 


(or B/PI PonoU To»tod ot W7 K (75® F) 


Pon«l 

Numb«f’ Ortwitotlon 


tnt*nd«d 

TmsIU Strength 

MN/m2 (ksl) («) 


LRC-32 

I0“l6 


1100 

965 

159 

140 

0, 7 




896 

130 




av 

987 

143 


LRC-33 

10* ± 45’>1, 


510 

505 

74.0 

73.2 

0 



av 

565 

527 

81.9 

76.4 


LRC-34 

[O'le 


1360 

1190 

198 

172 

0,7 



av 

1160 

1240 

169 

T5o" 


LRC-35 

(0" ± 45 "U 


530 

512 

76.8 

74.2 

0,7 


- 

av 

512 

518 

74.2 

75.1 


LRC-36 

(O* ± 45 “1, 

av 

415 

410 

412 

60.2 

59.4 

59.8 

8 

LRC-37 

10" ± 45"1, 

av 

461 

486 

474 

66.8 

70.5 

68.6 

8 

LRC-38 

10" ± 45 "Is 

av 

387 
389 

388 

56.2 
56.4 

56.3 

8 

LRC-39 

10"1« 


917 

917 

133 

133 

1, 5 



av 

876 

906 

127 

131 


LRCMO 

10" ± 45 "1, 


412 

415 

59.7 

60.2 

0.5 



av 

432 

420 

62.6 

60.8 


LRC-41 

10" ± 45"], 


360 

395 

52.2 

57.3 

1 


av 378 54.7 


TobU A-5. 

Tensile Dote lor B/P1 

Panalf Tostod ot 2P7 K (75» F) 

— Concluderi 




Tensile Strength 

Intended 

Use 

Pon«l 

Number 

Orientation 

MN/m* 

(ksi) 

(o) 

LRC-42 

[0“ ± 451, 

436 

437 

63.2 

63.4 

9 



av 436 

63.3 


LRC-43 

— [O' ± 451, 

398 

412 

57.7 

59.7 

9 



av 405 

58,7 



A 0 Baseline 

1 Thermal Aging 

2 Ambient Aging 
5 Creep 

7 Fatigue 

8 Short-term Exposure 

9 Long-term Exposure 


Tobl. A-*. Sp«iflc Croviti.. and R..in, Fibar. and Vald C«nf«,f. of S/FI Pan.1. 


FIbw ContMt 


Ponel 

Number 

Orlentotion 

Specific 

Grovlty 

Rotln Contant 

(wt %) 

(wt%) 

(») 

Void Contont 
(«ol. •'.) 

LRC-32 

10 16 

1.98 

28.4 

71.6 

3.6 

LRC-33 

10” ± 451, 

1.97 

32.5 

67.5 

0.8 

LRC-34 

lO'le 

1,93 

26.9 

73.1 

7.0 

LRC-35 

10” ± 45”), 

1.94 

30.6 

69.4 

3.8 

LRC-37 

10” ± 451, 

1.91 

33.5 

66.5 

3.4 

LRC-38 

10” ± 451, 

1.98 

26.3 

73.7 

4.7 

LRC-39 

10 16 

1.98 

27.0 

73.0 

4.2 

LRC-40 

[0” ± 45 ”1, 

1.90 

37.2 

62.8 

1.0 

LRC-41 

|0” ± 451, 

1.91 

31.0 

69.0 

4.9 


» Includes approximately 9% glass fiber from scrim cloth. 




o« tadWIon »l r«o, fSlirto 

fll^nu in a row can be 

photomicrograph, was the apparent lack of contarf^r^^: a ^ u “"Po^ant feature of the 

^trix This is difficult to show coSsITS T 

^ Becauae of the significance of thisTppaT^ tak „, “» <»>“ *PB> «' 

w^n»de nantgascanning electron nncroscop^ 

pw^nSSSe^jnSri^^fbr^^^^^ «< the separation 

dence of poor bonding of the resin to the boron is shown *"“rther evi- 

resin atiSto^hT^ar.'” ““ 

b4Tr^:SrHnTtr‘re1:“XwevT^^^^^ 

-.^sn. t.s we„ bavfb:'^ ?a^btf " 

^;tr™”f^t‘sL“uSn thermal aging and 

Bonding of the matrix to the fiiam^s Sss^^hr n '™ Tl'”' «erethnZr 

that was not capable of extended service at 505 K Hso”?! ‘ ™“" tnaS 
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FIgvr« A-5 


F^r. Surfoc. of {0o]j B/PI T.o.iU Spoclmon Showing P„||o„t 
«!• Motrix (an tndkatfon off poor motrix to-ffilomont bond) 


off tfia Boron FHomonff ffrom 



Figoro A-* IJ“U Sp^'"*" T.n.H. of 505 K (450<> f) Aftor . 500-hr Th.,m«| Ago of 505 K 

(4500 F). (Most of fho r.sln hot brohon owoy, l.oying boro boron filomont. onTscrlm cloth) 
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APPENDIX B 

QUALITY ASSURANCE TEST PROCEDURES 


■.I PREPREG VOLATILE CONTENT 


Ctat three specimens of the material, each approximatdy 0.051 by 0.051 m (2.0 by 2.0 in.), from 
mam of the sample away from the edges. The specimen may be any shape that will fit into a 
pceweighed and fired crucible or disp<^ble aluminum dish but may not be rolled up or more 
than one ply. Weigh each crucible on an analytical balance to the nearest 0.1 mg (Wj). Place the 
test specimen in the crucible and record the total weight to the nearest 0.1 mg (Wj). Place the 
crndble containing the specimen in a preheated air circulating oven (for epoxy resin use 
436 K (325 ” F) for 15^^ minutes and for polyimide resin use 450 K (350* F) for 20ii minutes) 
cool to room temperature, and weigh to the nearest 0.1 mg (Wg). The mean value of the three 
volatile determiiuitions calculated as follows was reported: 


where: 


Volatile Content, weight percent = 


W1-W3 

W,-W2 


X 100 


Wj = Weight of crucible plus specimen before volatile removal 


Wg = Weight of crucible 


W3 =» Weight of crudbie plus specimen after volatile removal 


B.2 PREPREG RESIN SCUDS AND FIBER CONTENT 


Cot three specimens of the material each approximately 0.051 by 0.051 m (2.0 by 2.0 in.), from 
an area of the sample away from the edges. Weigh a specimen to the nearest 0.1 mg (Wi) place 
in a 300 ml tail-form beaker, and add 25 ml of dimethyl fonnamide (DMF) technical ^de. 
Place the beaker on a hot plate and heat to boiling for 10 to 15 minutes. Remove the beaker 
from the hot plate and allow to cool to room temperature. Pour off the DMF. being careful not 
to lose any fibers. Rinse the fiber residue two or three times in acetone. After removing most of 
the acetone, place the fibers in a tared aluminum cup (throwaway type) and dry for 30 minutes 
minimum in an oven at 436 K (325 • F). Determine the weight of fibers (Wj) to the nearest 0 1 
mg and record. The mean value of three fiber and resin sotids content determinations 
calculated as follows was reported: 


Fiber Content, weight percent = X 100 

Wi 


W2 

Resin plus volatiles, weight percent = 100 X 1(X) 

Wi 


Resin Solids Content, weight percent = 100 — 


Wi 


X 100 — Volatile Content 
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where: 


Wj = weight of specimen 

W2 = weight of fibers 

Volatile Content = See Section B.l 

PREPREG RESIN FLOW 

Cut OT pieces of style 181 gl^ fabric, 0.10 by 0.10 m (4.0 by 4.0 im) square, for bleeder and 
two squares of Teflon coated glau fabric of the same size, for separatOT. Weij^ to the nearest 
0.1 mg (Wj) on an analytical balance. Cut two pieces of the material to be tested 0.051 by 0.051 m 
(2.0 by 2.0 im) and weigh with the separator and bleeder to the nearest 0.1 mg (Wj). Cross ply 
the two specimens and sandwich them between the separator and the bleeder with the bleeder 
on the outside. Place in a preheated press and cure fw 15^ J minutes under 0.69 MN/m^ (100 
psi^ at 436 K (325 “ F) for the epoxy system and at 450 K (350* F) fw the polyimide system. 
Remove the crossply test specimen from the separator and bleeder. Weigh the separator plus 
bleeder to the nearest 0.1 mg (W3). The mean value of three flow determinations ralnilatcH as 
follows was reported: 


W3-W1 

Percent Flow = — — — x 100 

W2~Wi 

where: 

Wj = Wei^t of glass fabric plus Teflon coated g^ass fabric 
W2 = Weight of glass fabric. Teflon coated glass fabric, and specimens 
W3 = Wei^t of glass fabric plus Teflon coated ^ass fabric after cure 
B.4 LAMINATE SPECIFIC GRAVITY 

The method used for determining the specific gravity of the laminates was by displacement of 
water. The test procedure was in accordance with Federal Test Method Standard No. 406, 
Method 5011. Cut three pieces of the laminate to be tested 0.013 by 0.013 m (0.5 by 0.5 in.1.' 
Using an analytical balance and a specific gravity bridge, weigh the specimen in air (Wj) and in 
d is t ille d water (W2) at 296 i l.l K (73.5 i 2“ F). The mean value of three specific gravity 
determinations calculated as follows was reported: 

Wi 

Specific Gravity = 

W1-W2 


where: 

Wj = weight of specimen in air 
W2 = weight of specimen in water 
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LAMINATE RESIN AND NBER CONTENT 

The test specimen was approximately 0.013 by 0.013 m (0.5 by 0.5 in.) by laminate thickness. 

The cured resin and fiber content was determined by add/peroxide digestion as follows: 

1. Weigh the test specimen to the nearest 0.1 mg (Wj), place in a 300 ml tall*form beaker, 
and add 20 ml of concentrated sulfuric acid. Place the beaker on a hot plate and heat the 
add untfl vigorous fuming occurs. 

2. When the composite is visibly disintegrated and resin particles and fibers are dispersed 

throughout the sulfuric TOlutfonTcarefolIy add the hydrogen peroxide (50% strong 
dropwise down the side of the beaker. Robber ^oves airf a fume hood with appropriate 
safety ^ass shield shall be used throo^ioot the addition, and precautions shall be 
taken as recommended by the applicable safety regulations and procedures for 
huTiHl^ng hydrogen peroxide. 

3^ The reaction is considered complete when the hot sulfuric add solution below ^e fibers 
t ypfo rne" clear and colorless. At this point add two mwe ml of hydrogen peroxide to the 
solution, and heat the solution to fumes f« another 10 minutes to ensure complete 
decomposition of the polymer. Remove the beaker from the hot plate, and allow to cool 

to 294 to 300 K (70" to 80* F) and then place in an ice bath. 

4. Collect fibers by vacuum filtration throo^ a medium-porosity, sin^ed-glass <ndble 
that been wei^ied to nearest 0.1 mg (W2). After the sulfuric Mid has been ffltered 
off* wash the fibers in the crudble thorou^ily with 600 ml of distilled water, adding a 
few milliliters at a nW, Verify removal of sulfuric add traces by checking pH of the 
filtrate drops. 

5. Remove the crudble from the filtering system and place in an<^ be^er in an oven M 
422 K (300* F) for 45 minutes. AftM drying, cod the cmdUe in a desiccator and weigh 
to the nearest 0.1 mg (W3). 

The resin and fiber content were calculated Mcording to the fdlowing equations: 

Wi-(W3-W*) 

Resin Content, weight percent = — X 100 

W3-W2 

Fiber Content, wei^t percent = — — X 100 

"1 


where: 

Vfi = Weight of test specimen 
W2 = Weight of crudble 

W3 = Weight of crudble plus fibers after add/peroxide digestion 


B.6 B/AI LAMINATE FIBER VOLUME 

^spedmen was approi^tely 0.013 by 0.013 m (0.5 by 0.5 in.) by Jaminate thickness. 
1 he fiber volume was detemuned as follows: 

1. Wash, dry, and weigh the test spedmen lo the nearest 0.1 mg (Wj). 

^Sy M9 K (150^'fi‘*‘® ““*’’** “ ‘ hydroxide at appro.:- 

3. Wash, dry, and weigh the collected fibers to the nearest 0.1 mg (W2). 

Assumi^ a density of 2700 kg/m^ for the aluminnm and a density of 2510 kg/nj3 for the 5.6 mil 
boron, the volume percentages of fibers were calculated according to the following equation: 

Fiber Volume, volume percent = ,^7^; ;;r X 100 

Wj = Weight of test spedmen 
W2 = Weight of fibers 
CF = Density of fibers 
Q\ ^ Density of aluminum 

B.7 LONCrrUDINAl FLEXURAL STRENGTH 

The test method used for determining logitudinal flexural strength was aenerallv in a«nrd. 
iriU. ANSI/ASTM D 790.71 ^ T« UtalJiSXd 

Specu^ ww CTt ^th the fibers aligned paraW to the longitudinal axis. The spedni^ 

J^tion with ^ loadmg geom^ is shown in Figure B-1. Testing was done with three 
pomt loa^g 1^ a span to thickness ratio of 32 to 1. The specimens, with the smooth side 
up, wen kMded to Mure at 0.0025 m (0.10 in.) per minute crosshead speed in standard test 
macI^M (Inst^ Tmius-O^ or BaldwinK The longitudinal flexural strengths were 
calculated according to the following Cramula: 


W1-W2 + ^ 
OF 


where: 


F, = 


3PL 

2bd2 


where: 

Fl = Ultimate longitudinal ftexural strength 
P = Maximum load carried by the 



Specimen Dimensions 

Length (1) = 0.076 m (3.0 in.) 

Width (b) = 0.01270 m (0.500 in.) 

Thickness (d) = Approximate 0.0015 m (0.060 in.) 

L 

Span/Thickness Ratio (— ) * 32 to 1 
d 

Loading head and reaction suiqwrts are 0.00635 m (0.250 in.) diameter steel rod 
Overhang must be the same over each end 

653217-313 


Figure B-1. Longitudinal Flexural Specimen 


L = Support span 
b = Specimen width 
d = Specimen thickness 

B.S SHOIT BEAM SHEAR STRENGTH 

The test method used for determining short beam shear strength was generally in accordance 
with ANSI/ASTM D2344-76. Specimens were cut with the fibers i^c^ied parallel to the 
longitudinal axis. The specimen configuation with the loading geometry is stown in Figure 
B-2. Testing was done with three point loading using a span to thickness ratio of 4 to 1. The 
specimens, with the smooth side up. were loaded to failure at 0.0025 m (0.10 in.) per minute 
crosshead speed in standard test machines (Instron. TlniusOlsen. or Baldwin). The short beam 
shear strengths were calculated according to the following formula; 

r=iL 

4bd 
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Specimen Dimensions 

Xength (I) =® 0.0152 m (0.60 in.) 

Width (b) = 0.00635 m (0.250 in.) 

Thickness (d) = Approximately 0.0015 m (0.060 in.) 

Span/Thickness Ratio (^) = 4 to 1 

Loading head and reaction supports are 0.00318 m (0.125 in.) diameter steel rod 

Overhang must be the same over each end 6 B 3217-31 


Figure B*2. Short Beam Shear Specimen 


where: 

T = Ultimate short beam shear strength 
P = Maximum load carried by the specimen 
b = Specimen width 
d = Specimen thickness 





